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STRUCTURAL AND TOPOCHEMICAL CHANGES 
IN THE EGG CELLS OF 
LIMNAEA STAGNALIS L. DURING OOGENESIS 
by 


L. H. BRETSCHNEIDER anp CHR. P. RAVEN 
(Koological Laboratory, University of Utrecht) 


The structural and topochemical relations of the freshly-laid egg of 
Limnaea, as described by RAvEN (1945), arise gradually during oogen- 
esis from the much simpler structure of the early oocyte. In order to 
obtain a better understanding of the structure of the full-grown egg 
cell, which formed the object of our experimental researches (RAVEN 
and BRETSCHNEIDER 1942 and further papers, cf. RAVEN 1948), an ex- 
tensive investigation of oogenesis seemed desirable. This investigation 
had to include the study of various cell compounds by cytochemical 
methods. In this way, it should be possible to get some insight into the 
presumable interrelations of these diverse compounds in a cell with a 
high and very active metabolism. Besides a qualitative study of the 
origin of the structural and chemical differentiations of the egg also 
their relations with the growth of the egg cell should be studied quanti- 
tatively. 

In order to get comparable results, the same cytochemical reactions 
have been employed as in our former papers (RAVEN and BRETSCHNEI- 
DER 1942, RAVEN 1945, 1946). The quantitative determinations of cell 
compounds have been made by means of centrifuge experiments. ‘The 
snails were centrifuged in toto for 10-15 minutes at a centrifugal 
pressure of 1860 x gravity; immediately afterwards, the gonads were 
excised and fixed. From the sections, the layers of cell substances strati- 
fied by centrifugation were drawn on cardboard at a constant magnifi- 
cation, and the drawings were cut out and weighed. In this way, the 
relative volumes of the cell compounds were determined; by comparison 
with the actual total volume of the egg cell they can be reduced to 
actual volumes (in 3). In most of the diagrams, however, for the sake 


2 L. H. BRETSCHNEIDER AND CHR. P. RAVEN 


of simplicity not the actual cell volume, but the product of length and 
breadth of the largest section of the cell (called “‘cell-index’’) has been 
used as a measure of cell size. Since the measurements have all been 
made on fixed and sectioned material, the values found are less than 
those observed by RAvEN (1945) on living eggs, in consequence of 
shrinking during dehydration and embedding of the gonads. 


THE ANALYSIS OF OOGENESIS 
I. PHASES AND RATE OF DEVELOPMENT 


During oogenesis various phases of multiplication, growth, different- 
iation and rest may be distinguished. From the study of young Limnaea’s 
reared from the eggs the duration of these phases, at least as regards 
the first generation of eggs, could be determined. The characteristics, 
sequence and duration of these phases have been summarized in fig. 1. 


a. From primary sex cell till oogonium 

The first phase of development, beginning with the fertilized egg 
(A) and ending with the oogonia (D) of the recently-hatched young 
snail, is characterized by a period of intensive division of the egg cell, 
during which the primary sex cells are formed. This phase lasts 30 days; 
15 days are taken up by embryonic development till the formation of 
the gonadal anlage, whereas the postembryonic development of the 
latter with the multiplication of the primary sex cells (C) and their 
transformation into oogonia takes another 15 days. 


b. Amoeboid phase 


In the hermaphroditic gonad the egg cells develop, as contrasted 
with the spermia, between the connective tissue and the epithelium 
lining the cavity of the ovariotestis. In this retroepithelial position, the 
egg cells show an intense amoeboid motility (E). They swarm out 
from a germinal centre to various positions in the acini of the gonad. 
This phase, which lasts 6 days, is characterized by an initial growth of 
the early oocytes (cell index increasing from 170 to 1200 m2). Their 
shape is very variable, and true pseudopodia are present. 


c. Growth phase 


Now the oocyte becomes sessile and is surrounded with nutritive cells 
apically and laterally, which form a follicle around the egg; only its 
basal part borders upon the connective tissue (F). Most of the pheno- 
mena of growth and differentiation described below occur during this 
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phase (F-G). It lasts, at least as regards the first generation of eggs, 
about 25 days, during which the cell index increases from 1200 to 
LIOGO U2; 


d. Rest phase 

When the oocyte has reached this size and the corresponding degree 
of differentiation, a rest phase begins, during which no changes of im- 
portance are to be noted (H). With the first generation of eggs in the 
young snail about 40 days go by until the first oviposition takes place. 
In the full-grown Limnaea this rest phase will vary, according to the 
season, from a few days between subsequent ovipositions in summer to 
a period of many months in winter. Finally, ovulation takes place; by 
autolysis both of the follicle cells and the overlying acinus epithelium 
the full-grown oocyte passes into the lumen of the gonad. 


e. Insemination phase 


After ovulation the course of development is accelerated a great deal; 
the subsequent phases follow each other within the scope of hours. The 
ovulated oocytes enter into the spermoviduct, where they assemble and 
insemination takes place (I) (BRETSCHNEIDER 1948a). As a rule, they 
stay in the spermoviduct for 4-1 % hour only, but when a stagnation 
in the formation of the egg-mass occurs this period can increase to one 
day (in summer). 


SJ. Phase of prae-maturity and egg-mass formation 


After insemination the egg cells pass the various parts of the oviduct, 
where they are surrounded with perivitelline fluid and capsule mem- 
brane and cemented together by a viscous mucus substance into an 
egg-mass (BRETSCHNEIDER 1948b). The passage through the oviduct 
lasts about 2% hours. Meanwhile, in the oocyte the preparatory pro- 
cesses of the subsequent meiotic divisions take place (RAVEN 1945) 


g. Meiotic phase 


Oviposition is followed immediately by the first maturation division, 
which is finished %4-2 hours after oviposition (L) and is followed 
shortly afterwards by the second maturation division, which takes place 
1 hour after the first (M) (RAVEN 1945). 


h. First cleavage 


With first cleavage, which occurs 2-3 hours after the second matur- 
ation division, embryogenesis begins, which leads, at average room 
temperature in summer, to the formation of a young snail ready to 
hatch in 15 days. 


STRUCTURAL AND TOPOCHEMICAL CHANGES ETC. fy 
2. GROWTH OF THE CYTOPLASM 


The early mobile oocyte consists chiefly of cytoplasm and nucleus. The 
cytoplasm has a very dense structure and stains heavily with all basic 
stains. After the egg has settled in the follicle and the yolk begins to 
appear in its centre, a broad zone of hyaline plasm at the periphery 
remains free of inclusions. During the growth phase hyaloplasm is ac- 
cumulated especially at the apex of the cell. Part of this sinks into the 
depth unto the nucleus, which it surrounds as a perinuclear plasm. In 
the full-grown oocyte only a thin layer at the periphery (cortical plasm) 
keeps its hyaline appearance; the remaining cytoplasm is interspersed 
between the numerous inclusions as ground plasm. The basophily of 
the cytoplasm diminishes during growth. The cortical plasm has a 
finely vacuolar appearance after most of the fixatives employed. Peri- 
pherally it is bounded by the oolemma, towards the endoplasm by a 
layer of fine granules. Often the vacuoles show a radial arrangement, 
which gives a radially striped appearance to the cortical plasm. Where- 
as most of the hyaline plasm is accumulated in a transparent middle 
zone in centrifuged eggs, a rather considerable part of it remains in 
between the yolk granules in the centrifugal yolk zone; this part cannot 
be determined quantitatively. Therefore, the following determinations 
are restricted to the size of the hyaline layer. The cytoplasm volume of 
the earliest oocyte amounts to 1 112 w? (63 % of the total cell volume), 
that of the full-grown oocyte to 249 320 uw? (40% of the total volume). 
Hence, the cytoplasm increases during growth to 223 times its original 
volume. Part of this increase may be due to hydration. The cytoplasm 
has no fixed structure, but shows a certain mobility of its parts as 
revealed by phenomena of cytoplasmic flow; already 4 hours after 
centrifuging the living snail, stratification of the egg cells has dis- 
appeared again and the egg inclusions are redistributed. The eggs of 
these snails develop entirely normally. 


3. NUCLEAR GROWTH AND NUCLEOPLASMIC RATIO 


In oogenesis vegetative and generative phenomena occur successively. 
The production of paraplasmic cell inclusions, accompanying growth, 
precedes the formation of chromosomes and the phenomena of matur- 
ation and fertilization. During growth of the egg all visible changes of 
the generative parts of the nucleus stop; the chromosomes become in- 
visible and the vegetative function of the nucleus prevails. The syn- 
thetic activity of the nucleus can be deduced from the parallel growth 
of nucleus and cytoplasm and the interactions between both which are 
partly visible. The nucleus of the earliest mobile oocyte has a size of 
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650 w® (37%, of total cell volume), that of the full-grown oocyte 
measures 105 000 yu? (17%). Hence, the nucleus increases during 
growth to 162 times its initial volume. ‘The nucleoplasmic ratio de- 
creases in this period from 1:1.7 to 1:2.4. When this ratio is computed, 
however, in relation to the total egg with all its paraplasmic inclusions, 
its decrease is greater; moreover, when the average ratio is recorded 
against time, a S-shaped curve is obtained (fig. 2). Initially, growth of 
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Fig. 2. Diagram of nucleoplasmic ratio (nuclear volume against total cell volume). 
Abscissae: cell-index. Ordinates: inverse of nucleoplasmic ratio. Each circle re- 
presents a single determination 


the cell is greater than that of the nucleus, then a long period of nearly 
synchronic growth follows, finally, during the rest phase a diminution 
of the nucleus occurs, followed by its dissolution. The single values are 
widely scattered, however, about the average curve. This cannot be 
accounted for entirely by random variation or errors of measurement. 
The principal cause of these variations in nucleoplasmic ratio has to be 
sought in a periodic shrinking and swelling of the nucleus, whereas the 
cell, presumably, shows a regular growth. The nucleus during growth 
repeatedly deviates from its spherical shape and shows local foldings 
by unilateral contractions of the nuclear membrane (fig. 5). From the 
high frequency of these deformations and from other morphological 
indications it is evident that during the growth phase alternately high 
and low surface tensions of the nucleus occur, which give rise to a 
rhythmical pulsation of the latter. 


4. THE NUCLEOLUS 
The remarkably extensive form changes and signs of activity of the 


nucleolus during oogenesis induced us to a further analysis of this struc- 
ture. ‘The nucleus of the earliest oocyte possesses two nucleoli of unequal 


STRUCTURAL AND TOPOCHEMICAL CHANGES ETGC. 7] 


size which derive from the oogonium: the bigger eunucleolus with a 
diameter of 4“ and a smaller paranucleolus of 24. The changes to be 
described concern only the persisting eunucleolus; the paranucleolus 
disappears, as a rule, already in the earliest oocyte stage. The size of the 
eunucleolus increases continuously till the middle of the growth phase 
of the oocyte, from 4,4 to 20 in diameter; then its size decreases again 
(fig. 3). Just as with the nucleus as a whole, the single values of nucleolar 
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Fig. 3. Diagram of volume of eunucleolus during growth phase. Abscissae : cell-index. 
Ordinates: volume of eunucleolus (in arbitrary units) 


size are widely scattered about the average curve; it appears that this is 
due to variations in the size of the nucleolus by production and ex- 
trusion of substances. The secretory activity of the nucleolus is apparent 
from the changes in appearance it undergoes during development. The 
primordium of the nucleolus in the earliest oocyte is uniformly acido- 
phil, whereas at the end of oocyte development the nucleolus shows a 
homogeneous basophil appearance (fig. 4). In between diverse appear- 
ances occur, indicating an intense activity. This diversity may be re- 
duced to a few principles. 

The nucleolus consists of an endonucleolar plasm, which is originally 
homogeneous, and a cortical layer surrounding it. It often shows a 
pronounced heterochromatic staining, the cortical layer staining differ- 
ently from the endonucleolar plasm (so-called amphinucleolus). There- 
by both parts may be alternately acidophil or basophil; evidently, 
these are no constant properties, but temporary conditions which may 
pass over into each other quite easily. 

The formation of nucleolar products obviously can take place in two 
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Fig. 4. Percentage of acidophil, basophil and amphinucleoli during growth phase 
Abscissae: cell-index 


Fig. 5. Extrusion of formed substances through the nuclear membrane into the 
cytoplasm 
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ways. Firstly, an intranucleolar production occurs by the formation of 
vacuoles in the homogeneous endonucleolus, which increase in size or 
number with simultaneous decrease of the endonucleolar ground sub- 
stance. ‘he observations seem to prove that the formed product in the 
vacuoles may be fluid or granular or have a highly viscous consistency. 
It may flow into the karyolymph through a visible pore or by breaking 
through the cortical layer of the nucleolus. Sticky colloidal substances 
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Fig. 6. Intranucleolar (a) and epinucleolar (b) product formation in the growing 
oocytes of Limnaca 


are pinched off in form of drops. Apparently, the much reduced re- 
mainder of the nucleolus may grow again and resume its activity. The 
intranucleolar product formation may take place at two opposite points, 
whereby dumbbell-shaped nucleoli are formed. 

The second type of product formation is an epinucleolar one, where- 
by the product originates in the cortex, which thickens locally and 
grows out intoagranulum; this is pinched off subsequently. The formed 
product differs from the nucleolar substance in its staining capacity. 
Product formation may occur unilaterally or bilaterally; in the latter 
case, as a rule the whole nucleolus breaks down into several pieces. 
Often the extrusion of formed substances through the nuclear mem- 
brane into the cytoplasm may be observed (fig. 5); this is especially 
clear in those cases where they show a basophil staining. Smaller 
nucleolar granules collect between the folds of the nuclear membrane; 
probably, they pass the membrane in form of a viscous fluid. Similar 
appearances have been observed already by Luprorp (1922) in the 
nucleolus of egg-cells of Limnaea and Patella. 

The various appearances of the nucleolus are met with during oocyte 
development in regular succession. Homogeneously acidophil nucleoli, 
originally the only type, decrease from 100 % at the outset to 12 % at 
the end. The uniformly basophil type, which is lacking in the beginning, 
increases towards the end to nearly 100%; with the commencement of 
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jaturation these basophil nucleoli are resorbed. Probably, the intra- 
nucleolar secretion is a polyphasic one; after extrusion of the product 
restitution occurs. On the contrary, the bilateral epinucleolar product 
formation is irreversible and monophasic; this type is only met with 
towards the end of oogenesis (fig. 6). 
In centrifuged oocytes the nucleolus is displaced centrifugally; in 
most cases, it causes a hernia of the nucleus to appear in consequence 


Fig. 7. Centrifuged oocyte of Limnaea; nucleolus in hernia of nuclear membrane 


ofits high specific gravity (fig. 7). This hernia may be pinched off with 
longer centrifuging, whereby the nucleolus gets into the yolk zone. The 
amphinucleolus stratifies into a heavier and a lighter compound; often 
vacuoles are flung out of the nucleolus. 


5. GENESIS OF THE PROTEID YOLK 


Among the paraplasmic reserve substances of the full-grown oocyte the 
proteid yolk, occupying nearly 50 °% of the total cell volume, takes a 
predominant place. It consists of granules of uniform size, called 6-gran- 
ules by us (RAVEN and BRETSCHNEIDER 1942); they show the usual 
protein reactions. In the normal egg they show a regular distribution; 
after centrifuging, they are accumulated centrifugally (fig. 7, 8). The 
earliest mobile oocyte does not yet contain any proteid yolk. The first 
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Fig. 8. Centrifuged oocyte. Stratification into fat zone, hyaloplasm with germinal 
vesicle and yolk zone 
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Fig. 9. Formation of B-granules by the activity of Golgi bodies. The graph shows the 
accompanying changes in size of granules. Abscissae: cell-index. Ordinates: dia- 
meter of granules 
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yolk granules appear in an oocyte of 17603 in the Golgi field (“Bal- 
biani’s nucleus’’) ; from this moment on, a gradual increase takes place. 
From measurings of the biggest granules in each phase of development 
it becomes clear that every granule passes through a definite develop- 
mental cycle. It begins as a small spherule with a diameter of 1 w, then 
grows to a diameter of 3-4; afterwards, it diminishes in size, pre- 
sumably by condensation and loss of water, to possess a diameter of 
1,5 at the end of the growth phase. Hence, during the first half of the 
growth phase the average size of the proteid granules is greater than in 
the second half (fig. 9). 


6. GAMMA-GRANULES 


Besides the above-mentioned proteid yolk still another kind of protein 
granules is found in the oocytes, the so-called y-granules (RAVEN and 
BRETSCHNEIDER 1942). Their number is much less than that of the 
p-granules; they are mostly oblong and have a diameter above 4. 
Apparently, they differ in chemical composition from the -granules 
and, for a long time, their specific gravity is less. They can be dis- 


Fig. 10. Formation of B- and y-granules in growing oocyte of Limnaea 


tinguished already during their formation by their oblong shape (fig. 
10). After they have reached their definite size, they show a pronounced 
acidophily, especially after alcohol fixation. During the passage of the 
full-grown egg through the oviduct the first indication may be seen of 
the peculiar swelling, which characterizes them at later stages (RAVEN 
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1945). Since their specific gravity varies very much (in the freshly-laid 
egg they are still heavier than the f-granules, after swelling they belong 
to the lightest components of the egg, RAVEN 1945), they form no 
definite layer in centrifuged eggs; therefore, a quantitative determin- 
ation of their volume is not possible. 


7. GOLGI SUBSTANCE 


The Golgi substance has been studied according to NassANov’s method 
with osmic acid, after Poti with formol-osmium and according to Da 
Fano with silver nitrate. The impregnated sections have beencompared 
with azan-stained preparations. 

In the earliest mobile oocyte the Golgi field which has a diameter 
of about 5 is found next to the nucleus; it is derived from that of the 
oogonium. It consists of a basophil ground plasm with a few granules, 
which possess an osmio- and argentophil surface layer. Already with 
the beginning of the amoeboid phase of the oocyte this Golgi field dis- 
perses into single granules, among which two kinds may be distin- 
guished: granules of about 0,6 w, which are wholly impregnated, the 
dictyoles; and bigger granules, the dictyosomes, which have a clear 
centre consisting of protein (the Golgi internum) and an osmiophilic 
periphery. Both granules multiply by division (dictyokinesis), whereby 
more and more elements are produced, which disperse in the cytoplasm. 
In the dictyoles a clear osmiophobic centre appears forming the first 
germ of the future proteid granule and, according as it grows, the peri- 


Fig. 11. Various appearances of the dictyosomes after osmium impregnation 


pheral osmiophily decreases; finally, the Golgi substance no more 
completely surrounds the granule, but forms a terminal cap or band 
(fig. 11). As soon as the granule has reached a size of 4 ys, the osmiophily 
disappears and further growth stops. In centrifuged eggs, the dictyoles 
and young dictyosomes are accumulated in the zone of hyaloplasm, 
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whereas in the centrifugal yolk zone besides mature granules only 
transitional stages with little Golgi substance left may be found. 

The £-granules are to be considered as reserve proteins. These belong 
to a group of proteins with a high tendency to crystallization. ‘They 
mostly form spherical or polyedric bodies; by their ability of swelling 
and their affinity to plasm stains they differ from true crystals. Sedi- 
mentation experiments with the ultracentrifuge have shown that these 
proteins form spherical macromolecules, as contrasted with the chain 
molecules of the scleroproteins. According to AsTBURY (1933) and 
WriINcH (1941) the polymer chains close into rings. This explains why 
the reserve proteins usually collect into isodiametric bodies. That the 
shape of the granule is not exclusively determined by the spherical shape 
of the Golgi body in which it is formed, but is due to the structural 
forces of the protein itself, may be deduced from those cases, where the 
Golgi substance forms only a band- or caplike appendage to the 
granula, while the latter grows at its free surface. The Golgi substance 
itself contains a protein component; after extraction of the lipids it 
stains with plasm stains, e.g. with ““duroechtred-azure”’ after fixation in 
LENHOSSEK’s or Romets’ fluid, whereby both the dictyoles and the 
osmiophil outer parts of the dictyosomes stain intensively with azure. 
AVEL (1925) could stain already the Golgi substance in the egg cell of 
Planorbis with acid fuchsin, crystal violet or iron haematoxylin. 


8. MITOCHONDRIA AND ALPHA-GRANULES 
The mitochondria and the «-granules which are derived from them 
(RaAvEN and BRETSCHNEIDER 1942) could be demonstrated in the 


growing oocytes after fixation in lipid-preserving fluids (REGAvD, 
FLEMMING, NassAnov, PoL’s formol-osmium) and staining with iron 


Fig. 12. Transformation of mitochondria into a-granules 
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haematoxylin or ALTMANN’s fuchsin. In the early oocyte the mito- 
chondria are predominantly granular; in later stages more and more 
filiform mitochondria appear, as thin threads with a length attaining 
3.6u. At their surface granular swellings of 0.5 4 diameter are formed; 
as a rule, the whole mitochondrium is transformed into a chain of 
those granules (fig. 12). In this stage the mitochondria break down and 
the «-granules come to lie freely in the cytoplasm, scattered between 
the B- and y-granules like the original mitochondria. In the centrifuged 
egg, the mitochondria are found in the hyaloplasm, whereas the liber- 
ated «-granules have a greater specific gravity and form a special zone 
at the border of hyaloplasm and yolk. 


Q. LIPIDS 


Whereas part of the cell lipids are bound structurally to the Golgi 
bodies and mitochondria, the presence of free lipids in the cytoplasm 


Fig. 13. Formation of fat vacuoles in early oocytes of Limnaea 
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can be demonstrated. After fixation with Recaun’s fluid and staining 
with iron haematoxylin besides the stained mitochondria and «-gran- 
ules so-called myelin-negatives are found. With the denaturation of the 
cytoplasm on fixation twisted figures arise from the mesomorphic lipids 
which flocculate and form liquid crystals. Such myelin figures are met 
with likewise with other techniques, e.g. fixation according to RomEIs 
and azan staining. After Craccio’s treatment, free cytoplasmic lipids 


fat VaCUOlES 


Fig. 14. Older oocyte with fat vacuoles regularly dispersed through the cytoplasm 


surround the fat vacuoles; in centrifuged oocytes, they are lying 
between these vacuoles in the ground plasm. 

Furthermore, the fatty substances of the egg have been studied by 
staining with Sudan III or Scharlach R after formol fixation; they are 
found in the oocyte of Limnaea as single vacuoles and show no relation 
to the yolk granules, as in other eggs. The fat arises, mostly peripherally 
in the hyalin cytoplasm, as a cluster of vacuoles; no visible cell struc- 
tures preceding their formation have been observed. The first fat 
vacuoles are formed at the end of the amoeboid phase (fig. 13); from 
this moment on, their number increases gradually and they are dis- 
persed regularly over the egg (fig. 14). In the full-grown oocyte the fat 
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occupies about 5 % of the total egg volume. In centrifuged oocytes it 
accumulates, according to its low specific gravity, as a cap at the centri- 


petal pole (fig. 7, 8). 
10. GLYCOGEN 
The glycogen has been studied in oocytes, fixed in alcohol, CarNoy or 


Van LeEuwen’s fluid (1% picric acid in abs. alc. 2; chloroform Oe 
formalin 40%, 2; glacial acetic acid 1) and embedded in celloidin- 


Fig. 15. Glycogen granules in growing oocyte of Limnaea 


paraffin; staining with Best’s carmine or with ScurrF’s reagens ac- 
cording to BAUER; controls have been treated with saliva. The glycogen 
is not formed in connexion with visible cell structures; as a rule, it is 
found diffusely in the cytoplasm, only exceptionally in granular form. 
In the latter case, it seems to accumulate originally in small amounts 
in vacuoles; gradually its quantity increases until compact granules of 
variable shapes are formed (fig. 15); they are scattered irregularly 
throughout the egg. In most cases, moreover a considerable diffuse 
infiltration of the cytoplasm with glycogen has been observed. The 
exact determination of its quantity was impossible in consequence of 
its well-known dispersion during fixation. 


Il. THYMONUCLEIC ACID 


Thymonucleic acid has been studied according to FEULGEN’s tech- 
nique. The results are rather negative, since a positive reaction has 
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only been obtained with regard to the oogonium chromosomes at the 
beginning and the tetrads in the maturation spindle at the end of 
oogenesis. Already in the amoeboid phase the chromosomes are dis- 
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Fig. 16. Feulgen reaction at various stages of oogenesis. a. Oogonia, b. young oocyte, 
c. full-grown oocyte, d. meiotic phase 


persed a great deal and show a negative Feulgen-reaction (fig. 16). This 
condition, which occurs likewise in other species during oogenesis, 
remains during the whole period of oocyte development. 


I2. RIBONUCLEIC ACID 


Ribonucleic acid has been determined with BRAcHET’s (1942) tech- 
nique: fixation in ZENKER’s, HELLY’s or Bourn’s fluid, staining with 
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methylgreen-pyronin and comparison of the stained sections with 
similar ones which had previously been treated with ribonuclease. 
From the difference in staining reaction with pyronin between both 
the localization of the ribonucleic acids in the cell can be derived. 
The plasmatic nucleotides are found mainly in a diffuse distribution 
in the ground plasm. In early amoeboid oocytes their concentration is 
higher than in older ones; hence, during oogenesis a decrease in the 
concentration of ribonucleic acids occurs. A close correspondence 
exists between the basophily of the cytoplasm after azan staining and 
the amount of ribonucleic acids. Moreover, the nucleolus contains a 
great deal of ribonucleic acids; also in this case they are restricted to its 
basophil parts, whereas the acidophil regions of the nucleolus do not 


rilbonuclerl acid 


Fig. 17. Centrifuged oocyte of Limnaea; Unna. Ribonucleic acid in hyaloplasm and 
basophil parts of nucleolus; cytoplasm of follicle cells heavily stained 


contain these acids (fig. 17). After treatment with ribonuclease the 
pyroninophily of the cytoplasm disappears altogether, whereas the 
amphinucleolus retains a weak pyroninophily which is not due to 
ribonucleic acid. In centrifuged oocytes the pyronin staining caused by 
ribonucleic acid is restricted to the hyaloplasm and the nucleolus. ‘This 
does not agree with the results of RAVEN (1945) in freshly-laid eggs, 
where part of the ribonucleic acid is bound to the B-granules. Appar- 
ently, during the passage of the eggs through the oviduct a change in 
the localization of these acids occurs. Unpublished observations of 
Pu. D. J. W. Sepee indicate that this takes place in the pars contorta 
of the oviduct, while the eggs are capsulated in the haustra of this part. 
This point needs further study. 

The diffuse localization of the ribonucleic acids prevents their quan- 
titative determination. 
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13. GLUTATHIONE 


After fixation in Bourn’s fluid the sulphydril group of the reduced 
glutathione has been demonstrated according to CHEVREMONT and FRE- 
pERIC (1943). The distribution of this compound almost corresponds 
to that of the cytoplasmic nucleotides; it is found diffusely in the ground 
plasm and in the nucleolus. Likewise, in early amoeboid oocytes its 
concentration is higher than in older ones. Contrary to the ribonucleic 
acids, the glutathione is found, however, in the whole nucleolus in- 
cluding its acidophil parts; an emission of glutathione from the nu- 


Fig. 18. Centrifuged oocytes of Limnaea. a. before, b. after dissolution of germinal 

vesicle. Staining according to Chévremont and Frédéric (1943). Glutathione in 

hyaloplasm and nucleolus; after dissolution of germinal vesicle in cytoplasm around 
spindle 


cleolus to the karyolymph is indicated in many cases. When the nuclear 
membrane of the germinal vesicle is dissolved in the fertilization phase, 
the nuclear glutathione spreads through the cytoplasm, and accumu- 
lates especially around the maturation spindle and asters (fig. 18). 
However, already prior to this phase glutathione seems to pass from 
the nucleus to the cytoplasm through the nuclear membrane. 

Since oocytes of equal size may show great differences in amount of 
glutathione, the synthesis and consumption of this compound during 
oogenesis seems to occur rather irregularly. In strongly centrifuged 
oocytes the glutathione is accumulated at the boundary of hyaloplasm 
and yolk. 


14. INDOPHENOL OXIDASE 
The indophenol oxidase reaction, carried out in unfixed oocytes with 


a-naphthol and dimethyl-paraphenylendiamine, presents itself in the 
form of little granules, which are found already at an early stage as a 
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little group in the cytoplasm in the neighbourhood of the Golgi field 
(fig. 19). In full-grown oocytes the granules are dispersed in small 
groups of 2—5 along the periphery of the egg (fig. 20). The same distri- 


oxidase granules 


Fig. 20. Indophenol oxidase reaction in full-grown oocyte of Limnaea 
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bution is met with after oviposition. In centrifuged oocytes their spe- 
cific gravity agrees with that of the hyaloplasm, in which they form a 
broad band. The appearance of these granules in the neighbourhood 
of nucleus and Golgi field, simultaneously with the beginning of vitello- 
genesis, suggests a causal relationship between both. The follicle cells, 
in which certainly metabolic processes take place in connexion with the 
nutrition of the egg, are likewise characterized by a large amount of 
indophenol blue granules. 

However, in the early oocytes the cytoplasm surrounding these 
granules shows a weak indophenol blue reaction, too. This might be 
explained by an extension of the oxidative action of the enzyme gran- 
ules to the surrounding cytoplasm. On the other hand, however, it 1s 
possible that the indophenol blue is primarily formed diffusely in the 
cytoplasm, and only secondarily accumulates in the granules. 


15. VITAMIN CG 
Ascorbic acid, demonstrated with acidulated silver nitrate according to 


Grroup and LEBLonp, is found in the oocytes in a small quantity only 
in its reduced form. It presents itselfin the form of small granules, either 


Fig. 21. Vitamin-C granules at the surface of yolk-granules 


freely in the cytoplasm or bound to the Golgi bodies (fig. 21). In centri- 
fuged oocytes the free granules are found between the fat vacuoles, 
the granules bound to Golgi bodies in the yolk zone. 


16. IRON 


The free ionic iron in the oocyte was determined according to TarTa- 
KOWSKI after fixation with alcoholic ammonium sulphide, staining with 
potassium ferrocyanide and following treatment with HCl. The cyto- 
plasm of the early amoeboid oocyte is still wholly iron-free. Only with 
the formation of the follicle the substance appears in a finely granular 
form diffusely in the perinuclear plasm. In the older stages of the 
growing oocytes it may be present likewise it this form; a broad peri- 
pheral zone of the cytoplasm remains free of iron. Moreover, in most 
oocytes iron is found in the form of coarser granules in the cytoplasm, 
the dictyoles and dictyosomes. In the latter, its localisation corresponds, 


STRUCTURAL AND TOPOCHEMIGAL CHANGES ETC. 23 


more or less, to that of the osmiophil Golgi substance; the same 
appearances of rings, granules, and caps at the surface of the growing 
beta- and gamma-granules as with osmium impregnation may be ob- 
served after precipitation of the iron. Likewise, the dictyoles are wholly 
impregnated with iron; during their growth, also in this case the centre 
of the granule appears as a clear internum (fig. 22). According as the 
beta- and gamma-granules grow older, they stain in a pale blue colour; 
hence, they contain considerably less iron. Finally, also this last re- 
mainder disappears and the granules now take the red counterstain of 


the eosin. 


Fig. 22. Localization of iron in the dictyosomes of the growing oocyte 


Besides the cytoplasm and the granules, also the nucleolus possesses 
free iron. In the early oocyte, in which the cytoplasm does not yet 
show the reaction, already all degrees of iron content, from entirely 
iron-free nucleoli to those containing a great deal of the substance, are 
met with. As a rule, it is the basophil part of the nucleolus that exhibits 
the reaction either in a diffuse or a granular form, whereas isochrom- 
atic nucleoli are either entirely free of iron or homogeneously imbibed 
with it. In the compound forms of the amphinucleoli only some of the 
vacuoles or granules contain the substance. 

The observation that in the same gonad the amount of free iron in 
oocytes of equal size varies very much speaks in favour of the sup- 
position that the transition of iron from its free form into a masked one 
takes place very easily and that fluctuations in the proportions between 
both forms occur during development. This would explain also that 
according to ARENDSEN DE WoLF-ExaLTo (1947) in freshly-laid eggs the 
yolk granules again give a strong iron reaction; unpublished obser- 
vations of SEDEE show that this is already the case in the eggs passing 
the pars contorta of the oviduct. Presumably, the disappearance of 
ionic iron in the yolk granules during oogenesis is due to its binding to 
other compounds; the reverse process sets in as soon as the eggs are 
ovulated and their passage through the oviduct begins. 


I7. PIGMENT 


The young oocyte, studied in vivo, possesses a transparent cytoplasm. 
According as the oocytes get more proteid yolk, they become a clear 
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cadmium yellow, by the appearance of a pigment, which belongs to 
the group of melanines. This colour becomes more intense with the 
increase of the yolk. In the centrifuged oocytes it is restricted to the 
zone of proteid yolk. The pigment is bound homogeneously to the 
6-granules. 


DISCUSSION 
I. THE METABOLIC MECHANISM OF THE EGG CELLS 


When we consider the body of facts obtained by analysis, the question 
arises in which way the observed structures and substances are related 
to the metabolism of the growing egg cell. The cytochemical analysis 
informed us on the presence of various substances and their distribution 
in the oocyte. Besides this qualitative inventory, by using the stratifying 
action of centrifuging with respect to several of these substances also a 
quantitative analysis could be applied. In the majority of cases, more- 
over, the first appearance of these cell compounds and their increase 
or decrease during development could be determined. The simple 
structure of the early oocyte at the beginning of oogenesis, consisting 
of cytoplasm, nucleus, Golgi field and mitochondria, may be opposed 
to the much more complicated substantial and structural diversity of 
the full-grown egg cell. Both are connected by numerous processes pro- 
gressing side by side with many interrelations between them. The egg 
cell, on account of its forced growth and synthesis of-reserve substances, 
is greatly in favour as an object for studying the intermediary meta- 
bolism. 

Summarizing the analysed structures in their relation to cell meta- 
bolism, we may group them according to the following view-points 
(fig 23): 

1. With the genetic function of the egg cell the nucleotides of the 
nucleus, as compounds of the euchromatin, are closely connected. ‘The 
thymonucleic acid could only be demonstrated when visible chromo- 
somes are present, as at the beginning of oogenesis and in the ovulated 
egg with its tetradic chromosomes just before maturation. These chro- 
mosomes, as they appear in the sections, either thread-like as in mitosis 
or as short tetrads in meiosis, only represent the highly spiralized 
phases of these structures, however; they can be considered as the 
vehicles of the gene materials. During interkinesis, a despiralization of 
the chromosomes occurs and the chromomeres are exposed at the inner 
side of the nuclear membrane; presumably, part of the genes will 
intervene, during this period, in the vegetative processes of the cell. 
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According to Frey Wyssiinc (1948), the thymonucleic acid might 
represent an insulator enveloping the genes during mitosis; on the 
contrary, CASPERSSON (1940) supposes that it plays an active part in 
the synthesis of gene materials during the reduplication of the chromo- 
somes. However this may be, evidently by the dispersion of the material 
during despiralization of the chromosomes the amount of thymo- 
nucleic acid sinks beneath the lower limit of cytochemical determin- 
ation and, thereby, becomes invisible for us. When the chromomeres 


B.Synthetizer: A Genet. basis: 


WMlochonarla chromosomes 
nucleolus 5 cee é if imonuch ac: 
cytoplesim o Y \ C.Oxido reduction 
aiclyosomes Ve ) 0) system: 
N ) glutalhione 
eee /ron 
D.Ma oy als: Sis (hero! oxldase 
fet ena Npoas uO oO CROr O OO vie, C 
pibonucl ec“| O ae % Coe Og? oO ONL Golay’ ¥ 
oe LOG. eye Cs O olgr subst 
GYWCOGE! O Oe & aCe O OL)? 
rolerd. Bose 0000 
p SO. Oe 2 
or oe oo TO 
Oe OG NAO 


Fig. 23. Diagrammatic representation of a centrifuged oocyte of Limnaea, indicating 
the various structures and substances which may play a part in its metabolism 


are again crowded together by the formation of the spiralized chromo- 
somes, the thymonucleic acid appears again. During the vegetative 
phase of eg¢ growth only thin Feulgen-negative threads may be seen 
in the nucleus. Before maturation, the strongly condensed gemini and 
tetrads rather suddenly appear. Hence, in the growing Limnaea egg the 
thymonucleic acid is temporarily lacking or greatly diluted. 

2, The oocyte contains a number of universal cell components which 
are acting as preformed synthetizers. To these belong: 

a. The nucleolus. The persisting eunucleolus is a very active vege- 
tative nuclear structure which, apparently, secretes fluid and solid 
substances in rhythmic succession. Through the nuclear membrane, 
these substances pass into the cytoplasm. Besides proteins, the nucleolus 
may produce ribonucleic acid, glutathione and ionic iron; all these 
substances are found back in the cytoplasm. 
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From cytological investigations of the past ten years (e.g. CASPERS- 
SON, 1940, 1941) it has become evident that basophily is connected 
with the formation of compounds rich in hexon bases. Especially the 
histones, with their excess of basic amino-acids, like arginine, contri- 
bute to the basophily. They play a large part in the composition of the 
active nucleolus. As long as no cytoplasmic growth takes place, as in 
the youngest oocyte, the eunucleolus still consists mostly of proteins 
poor in bases, but when the oocyte begins to grow the isochromatic 
structure of the nucleolus changes into that of the amphinucleolus with 
its pronounced basophily and abundance of histones. Moreover, in the 
nucleolus of the Limnaea oocyte, besides basic proteins and their com- 
ponents, ribonucleic acids, glutathione and iron can be demonstrated ; 
the passage of these substances to the karyolymph is clearly indicated 
and, at several stages, their transmission from the nucleus to the cyto- 
plasm may be observed ?. 

b. The mitochondria, multiplying by division, apparently as lipo- 
proteid synthetizers produce the «-granules. 

c. The Golgi elements, present in the early oocyte as single dictyo- 
somes and multiplying by division, as protein synthetizers produce the 
b- and y-granules. 

Undoubtedly, these three synthetizers take up relatively simple 
chemical substances and elaborate them to compound substances. 

3. The numerous processes of synthesis in the cell take place with the 
aid of substances that may be taken together as the oxido-reduction 
system. Among the substances studied by us in the Limnaea egg, 
glutathione, phenol oxidase, vitamin C, the lipoproteids of the Golgi 
bodies and the iron ion belong to this system. 

In connexion with the abundance of yolk of the Limnaea egg, protein 
synthesis takes a predominant place during oogenesis. In the intra- 
cellular metabolism and synthesis of proteins the endoenzyme kathep- 
sin plays an important part. We cannot make it visible as such by 
cytochemical methods; glutathione, its zookinase, however, can be dem- 
onstrated in this way. We traced it in its reduced form, containing 
the sulphydril group, which is very active chemically; it changes easily 
into the disulphide compound. Apparently, it is produced in the 
nucleolus and diffuses through the nuclear membrane to the cyto- 
plasm; especially in the perinuclear plasm it is found in a higher con- 
centration. 

Besides kathepsin, the cytoplasmic ribonucleic acids play a part in 
protein synthesis, as has been shown by the researches of CasPERSSON, 
Hypin, Bracuer and others. Likewise, these acids are found in the 


_ + Since the completion of the manuscript, this metabolic activity of the nucleolus 
in the Limnaea oocyte has been confirmed by Arvy (C. R. Ac. Sci. Paris 228, 1949) 
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Limnaea egg both in the nucleolus and the cytoplasm. Especially in the 
early oocyte their concentration is high; it is probable that the pro- 
nounced basophily both of the nucleolus and the cytoplasm in these 
oocytes depends on their ribonucleic acid content. 

Protein synthesis in the growing oocyte involves both cytoplasmic 
growth and yolk formation. Since the actual processes of synthesis belong 
to the realm of molecular dimensions, up till now merely single steps of 
the complicated chain of reactions can be detected. Protein synthesis 
only becomes visible as soon as it occurs structurally bound to the Golgi 
bodies as matrices of the f- and y-granules. The Golgi bodies of the 
Limnaea egg have been described already by GATENBy (1919), but he 
did not consider them as the moulders of the proteid yolk that was 
derived by him from the mitochondria. The Golgi substance with its 
abundance of lipids, containing unsaturated fatty acids, likewise plays 
a particular role as a hydrogen acceptor and donator. Its reducing action 
is still reinforced by its narrow connexion with the affixed vitamin C, 
which is a strongly reducing substance, whereas the iron, as an oxygen 
carrier, is placed on the oxidative side of this system. Though we could 
detect only a small amount of ascorbic acid in the Limnaea egg, it has 
to be kept in mind that this substance is very susceptible to oxidation 
and unstable in the presence of oxygen. Moreover, the glutathione with 
its sulphydril group may have an inhibiting effect on the vitamin C. 
The latter may convey its reducing properties to other cell structures, 
as granules and Golgi bodies, by which it is accumulated. 

To re-oxidize the substances reduced in this way stronger oxidizing 
actions are needed, which are supplied in the living cell especially by 
the iron ion. A great deal of oxidation processes are catalyzed by iron. 
Together with vitamin C, the iron may act as an activator of kathepsin. 
The iron is found in a high concentration in the nucleolus and in the 
Golgi substance as sites of protein synthesis, in a low concentration and 
only temporarily in a diffuse form in the cytoplasm. 

Besides the presence of lipoproteins the mitochondria up till now 
show no conspicuous chemical differentiation. They fall apart into 
«-granules. Both the Golgi bodies and the mitochondria are no stable 
persistent cell structures but mere optical expressions of a dynamic 
process; although they are morphologically well-defined structures, 
they have only an ephemeral existence and are actually of a dynamic 
nature?. 

The phenol oxidase demonstrated cytochemically in the egg cell 
may be connected with cellular respiration. ‘he peripheral position of 
this endoenzyme speaks in favour of this assumption. 


1 PaLADE and CLaupe (J. Morph. 85, 1949) have shown that many of the morpho- 
logical features of the Golgi apparatus in fixed cells may be due to fixation artifacts. 
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4. Finally, a last group is constituted by the energy-producing 
and building materials. The hyaline ground plasm including the 
cytoplasmic nucleotides build up the cell body, the nuclear proteins 
and thymonucleic acid the structures of the nucleus. Cytoplasmic 
lipids, observed as diffusely dispersed osmiophil substances in the cyto- 
plasm or precipitated as myelin figures, like those described by MonnE 
(1942) in the egg cell of Helix, belong to the building materials of the 
cell body. 

Other building materials, as the paraplasmic inclusions (e.g. the 
protein yolk granules) have to do with the future development of the 
embryo. 

Finally, the fatty yolk and glycogen represent the energy sources 
for the building processes and movements during embryonic develop- 
ment. Both the synthesis of glycogen and fat takes place inconspicuously 
and is, apparently, not bound to visible structures. 


2. THE POLARITY OF THE EGG 


In the earliest oocytes, polarity is not yet clearly visible. The nucleus 
has a position near the centre of the egg cell. The Golgi field is situated 
near it. Theoretically, a line drawn through the centres of nucleus and 
Golgi field might represent a leading direction of the cell. There are 
no indications, however, that it is privileged in any way, e.g. during 
amoeboid movement. The mitochondria show a regular dispersion 
through the cytoplasm. The fat vacuoles appear in the periphery of the 
cytoplasm without any regularity. The first indophenol oxidase gran- 
ules arise in the neighbourhood of the Golgi field. Soon, the Golgi field 
disperses into granules which are scattered through the cytoplasm. The 
first yolk granules are formed in the central part of the egg. 

As soon as the oocyte becomes sessile and is enveloped with follicle 
cells, a clear apico-basal polarity appears. Whereas the basal part of 
the egg cell borders upon the connective tissue surrounding the gonad, 
its lateral and apical sides are covered by nutritive cells. The nucleus 
now takes an eccentric position in the apical half of the oocyte. At the 
apex hyaloplasm is accumulated during the growth phase, part of 
which sinks into the depth and forms the perinuclear plasm. In the 
distribution of the yolk, however, no further indications of a polar 
differentiation are visible. . 

When the nuclear membrane dissolves in the full-grown oocyte, the 
developing maturation spindle is still situated in the apical half of 
the egg. 

After oviposition, the polarity of the egg is very pronounced (RAVEN 
1945). The maturation spindle is situated in the animal half, its 
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longitudinal axis coinciding with the egg axis. At the vegetative pole, 
a special vegetative pole plasm is accumulated, differing from the rest 
of the egg in its staining properties and bordered by sharp boundaries. 
When the egg leaves the gonad after ovulation, this pole plasm has not 
yet been formed. Hence, its accumulation at the vegetative pole must 
take place during the passage of the egg through the oviduct. Un- 
published observations of SEDEE indicate that this does not occur 
before the eggs have reached the pars nidamentaria of the oviduct, 
where the capsulated eggs are united into an egg-mass (BRETSCHNEI- 
DER 1948b). 

It may be supposed that the animal-vegetative polarity of the ovi- 
posited egg corresponds to the original apico-basal polarity of the 
growing oocyte. It is difficult to prove this point, however, since ovul- 
ation is followed by a new phase of pronounced amoeboid activity 
while the eggs are in the spermoviduct and the first parts of the oviduct 
(BRETSCHNEIDER 1948a). During this phase, by the strong distortions 
which the egg undergoes the nucleus or spindle may be displaced so 
that no trace of the original polarity remains. Only after the eggs are 
surrounded by the egg capsule fluid in the haustra of the pars con- 
torta of the oviduct they round off again and the maturation spindle 
takes its position in the future animal half of the egg. 


SUMMARY 


1. Oogenesis in Limnaea stagnalis has been studied, partly by means 
of cytochemical methods. 

2. Warious phases in the development of the egg cell are distinguished ; 
the growth phase is preceded by an amoeboid phase and succeeded 
by a rest phase prior to ovulation. 

3. The cytoplasm increases during growth to 223 times its original 
volume; its relative amount decreases from 63% to 40% of the 
total egg volume. 

4. The nucleus increases during growth to 1 62 times its initial volume; 
its relative size decreases from 47% to 17% of the total egg 
volume. Rhythmical pulsations of the nucleus seem to occur during 
the growth phase. 

5. The nucleolus shows a considerable synthetic activity during the 
growth phase. Both intranucleolar and epinucleolar formation of 
products take place; the latter are extruded into the karyolymph 
and may pass the nuclear membrane into the cytoplasm. — 

6. The proteid yolk consists of 2 kinds of granules of different size and 
shape (f- and y-granules). Both are formed by the Golgi bodies. 
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The latter are at first impregnated as a whole with osmium or 
silver. Later, a clear centre appears which is the germ of the proteid 
granule. As this is growing, the osmiophil Golgi substance is more 
and more reduced. 

. The mitochondria of the egg break down into «-granules. 

. Cytoplasmic lipids and neutral fats appear in the cytoplasm 
without any relation to visible cell structures. 

. Glycogen is not formed in connexion with visible cell structures, 

but ‘may originally accumulate in vacuoles. 

Thymonucleic acid can only be demonstrated in the oogonium 

chromosomes and the tetrads of the maturation spindle; during 

the growth phase, the Feulgen reaction is negative. 

Ribonucleic acid is found in the cytoplasm and the nucleolus. In 

the cytoplasm, its concentration decreases during the growth 

phase. In the nucleolus, it is restricted to the basophil parts. 

During the passage of the eggs through the oviduct the ribonucleic 

acid is accumulated in the /-granules. 

Glutathione is found in the cytoplasm and in the nucleolus. Its 

concentration in the cytoplasm decreases. In the nucleolus it is 

found both in the acidophil and the basophil parts. After the 
dissolution of the nuclear membrane, the nuclear glutathione 
accumulates around the maturation spindle. 

. Indophenol oxidase granules may be demonstrated along the peri- 
phery of the egg. They first appear in the neighbourhood of the 
Golgi field. 

. Vitamin C is present in a small quantity in the cytoplasm and the 
Golgi bodies. : 

. Ionic iron first appears in the perinuclear plasm. Later, it is found 
in the cytoplasm and the Golgi bodies. During the passage of the 
eggs through the oviduct it appears in the £-granules. 
A yellow pigment is bound to the yolk granules. 
The earliest oocytes possess no distinct polarity. During the growth 
phase a clear apico-basal polarity is indicated by the position of 
the nucleus and the perinuclear plasm. After ovulation the polarity 
is not clearly visible in the amoeboid eggs. The oviposited eggs 
show a distinct animal-vegetative polarity, with a well-developed 
vegetative pole plasm. The latter does not arise before the eggs 
have reached the pars nidamentaria of the oviduct. 

The role of the various components of the egg cell with respect to 

its metabolic mechanism is discussed. 
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THE SHELL OF OSTREA EDULIS 
A HABITAT 


OBSERVATIONS ON THE EPIFAUNA OF OYSTERS LIVING IN THE 
OOSTERSCHELDE, HOLLAND, WITH SOME NOTES ON 
POLYCHAETE WORMS OCCURRING THEREIN OTHER HABITATS 


by 


P. KORRINGA 
(Government Institute for Fishery Investigations, Bergen op Zoom, Holland) 


INTRODUCTION 


In the course of extensive investigations on shell disease in Ostrea edulis, 
I gradually managed to discover the uniformities in the epidemiology 
of this once so mysterious plague. In the year 1940 I realised that this 
disease claims new victims during hot spells only. Much later I was 
able to say that a new wave of infection does not start before there has 
been a 10-days period. with water temperatures of 19°C. or higher. 
After that young oysters are liable to become affected by shell disease 
so long as the water temperature remains at or above 19°C. The 
higher the temperature, the more vigorous the attack. 

Further it could be demonstrated that the intensity of the attack 
differs greatly from place to place. By charting the data collected in 
several years, different foci of shell disease could be pointed out. 

A lack of knowledge of the true character of the disease, the pre- 
dominating influence in its spread of the factors of water temperature 
and position, and the apparent unimportance of the kind of collector 
used for the young oysters under consideration, led me to wonder 
whether or not an animal vector could be held responsible for carrying 
this disease. I therefore decided to carry through a survey of the ani- 
mals closely associated with the oyster throughout the summer season. 
In this, special attention has been paid to a station at Yerseke, where 
the disease appeared to rage more violently than anywhere else in the 
Oosterschelde. Some preliminary observations were made in the year 
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1940. A more detailed and quantitative study has been carried out in 
the summer seasons of the years 1941 to 1945 inclusive. 

Though investigations carried out along different lines eventually 
contradicted the hypothesis that animal vectors were involved in carry- 
ing shell disease, I consider the observations made and the data col- 
lected on animals associated with oysters too interesting from a general 
zoological point of view to keep them in the dark. 

Hence this paper. 

Though the oyster beds in the Oosterschelde are thoroughly and 
regularly cleaned by heavy dredges, and though the oysters grown 
there pass the hands of oystermen several times before they are mar- 
keted, a surprisingly rich fauna appears to be associated with oysters. 

Well-kept oyster beds are nearly as poor in species of ‘‘vermin”’ and 
“weeds”? compared with untouched natural oyster beds, as well-culti- 
vated arable soil is compared with marshes and wasteland. The shells 
of the Dutch oysters, nevertheless, appear to lodge a rich and fas- 
cinating fauna. 


ACKNOWLEDGEMENTS 


A great number of species, belonging to several phyla of invertebrate 
animals, was found to inhabit the oyster’s shell. I did not try to iden- 
tify all the species collected myself. I concentrated on the Polycheate 
worms, which usually predominated both in number and variety in 
this very special habitat. In studying this most interesting group, I 
received valuable assistance from Miss A. P. C. DE Vos of the Amster- 
dam Zoological Museum, and from Prof. P. Fauve, the famous 
French authority on Polycheate worms, who was so kind as to check 
some difficult identifications. 

The following Dutch specialists have been kind enough to undertake 
the identification of animals belonging to several other groups of in- 
vertebrates. Dr W. VERvoortT (Mus. Nat. Hist., Leyden) identified 
Ascidians, Porifera, Hydrozoa, and Bryozoa; Dr J. H. ScHuurMANs 
STEKHOVEN Jr. (Zool. Lab., Utrecht) studied the Nematode worms | 
collected on the shells of oysters. Without my knowledge he published 
an account of his findings (1941). Though he had been informed of the 
provenance of this material, he erroneously stated that the Nematodes 
under consideration had been found inside the oyster’s shell cavity, and 
in this connection speculated on their possible influence on the oyster’s 
well-being. Miss A. P. C. pe Vos (Zool. Mus., Amsterdam) identified 
the Oligochaete worms, and the Harpacticid Copepods. Her findings 
on the latter group have been published in this journal (1945). The 
late Dr H. C. RepExe identified the Ostracods, Dr K. Scuyyrsma (Mus. 
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Nat. Hist., Leyden) the Amphipod Crustaceans, and Dr L. B. Ho tt- 
Huts (Mus. Nat Hist., Leyden) the Decapod Crustaceans. The late 
miss A. M. Burrenpyk (Mus. Nat Hist., Leyden) was kind enough to 
identify both Cumaceans and Pycnogonids. Mrs. VAN DER FEEN, nee VAN 
Benruem Jurtinc (Zool. Mus., Amsterdam) studied the juvenile La- 
mellibranch Molluscs, and Dr H. Encet (Zool. Mus., Amsterdam) the 
Nudibranch Gastropods and the Echinoderms found on the oysters. 

In later years I could easily identify the predominant species myself, 
having properly identified material close at hand. 

I wish to express my sincere gratitude to the aforementioned bio- 
logists for the identification of the material discussed below. 

It is a pleasure to thank miss S. M. Marshall of the Scottish Marine 
Biological Station at Millport for her kindness to correct the English 
text of this paper. 


ANUS! Gishwilin (ys AMBUS, CONS INIOIR ANS) AL ISUASUACTIE 


It is amazing that little attention has been paid thus far to the epifauna 
of the oyster. Moestus (1893) studied the animal communities occurring 
on the German oyster beds, which ultimately led him to formulate the 
now well-known concept “‘biocoenosis”’. Oysters being rather scarce on 
these natural beds, far more attention was paid to the creatures found in 
between the oysters — either living freely in water and sediments, or 
attached to stones and other supports — than to those using the shell 
of the living oysters as a habitat. 

The same can be said of the section of ZERNOv’s paper (1913), which 
deals with the natural oyster beds of the Black Sea, and of the section 
on oyster beds in VERRILL’s paper (1873) on Vineyard Sound (Mass., 
U.S.A.). Mryazaxi (1938) made a study of the organisms fouling the 
shell-strings hung from rafts in some Japanese oyster-farms. Several of 
these creatures are considered as competitors with the oyster for food 
and space. Moreover they compel the oystermen to go to considerable 
trouble and expense to clean spat and oysters before these can be sold. 
Some observations have been made on the season of attachment of the 
fouling organisms in these Japanese oyster-farms. No special attention 
has been paid by Miyazaki to the small and often non-sedentary crea- 
tures, which use the shell of the oyster more or less exclusively as a 
habitat. ScHopDuYN (1927) deals with the fauna of an oyster basin of 
rather primitive construction near Boulogne-sur-Mer (Pas-de-Calais, 
France), and so does FERRONIERES (1901) for oyster parks near le 
Croisic (Loire Inférieure, France). This is in line with LELoup’s paper 
(1940) on the flora and fauna of the Bassin-de-Chasse (Ostend, Bel- 
gium), in which oysters are kept. The data from the last three papers 
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are interesting for the sake of comparing the fauna of oyster parks and 
basins in France and Belgium with that in the Oosterschelde (Holland), 
but give little information on the animals living on and in the oyster’s 
shell. 

As far as I am aware, only ScHoppuyn’s 1931 paper deals espe- 
cially with the organisms found on the shells of living oysters. The 
oysters investigated by him were market oysters, however, temporarily 
stored in a basin. They had undergone a thorough scrubbing, hosing 
and washing, and often had been transported over considerable dis- 
tances before ScHoppuyn got hold of them and could investigate their 
occupants. He therefore often detected little more than debris and re- 
mains of the interesting epifauna of the oyster. 

In his study on the damage done by the flatworm Stylochus pilidium 
(GorTTeE), Byriski-Sarz (1935) makes some remarks on the epifanua 
of the oysters suspended in an oyster park near Rovigno d’Istria. In 
addition to sedentary organisms such as Algae, Hydroids, and Bryozoa, 
he found both Polychaete worms and the Decapods Pilumnus hirtellus 
(L.) and Porcellana longicornis (L.) in great numbers on the shells of his 
oysters. 


Both sedentary and free-living animals can be encountered on the 
oyster’s shell. Though many of the former are also found on other 
substrata, several of the latter are more or less characteristic of the 
shells of living oysters, and are but rarely encountered outside this 
habitat. A short list of the more numerous and conspicuous Polychaete 
worms living on oyster shells and those living in the superficial layers of 
the oyster bedssuffices to support this statement: TABLE I (See page 36). 


Though the value of this list should not be overemphasized, as it is a 
matter of course that burrowing forms will feel more at home in sedi- 
ments than on oyster shells, it is enough to demonstrate that several 
species are conspicuously abundant on shells of living oysters. Appar- 
ently the micro-ecological conditions prevailing there appeal to many 
creatures. Next to some incidental guests many species occur here so 
regularly, that we may speak of the biocoenosis of the shell of the 
oyster. It need not surprise us that the exploration of this so far little 
known habitat led to the finding of many species until now unknown 
from the Dutch coast. Apart from the fact that Polychaete worms have 
received too little attention from Dutch biologists up till now, the in- 
vestigation of a new type of habitat always leads to the finding of ani- 
mals considered rare or missing in the local fauna up to that moment. 
Though Baas BeckInc’s (1934) verdict ‘‘everything is everywhere, the 
milieu selects’? and the saying of an old Dutch entomologist “‘rare 
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TABLEI 
Polycheate worms found on shells of living oysters and on the oyster beds of the 
Oosterschelde 


+ = present, but rare; ++ = common; +++ = abundant 
ee eee 


on oyster 

on oysters baad 
Lepidonctus squamatus . 6 2 6 ee ee te te es aE + 
Harmothoe unbricaia., = =e) ©) ee) ee +e +++ 
Harmocthoé impan. va) eee ob =f ++ 
IDWNOTUIING. <A bb 06 5 oe oe ee oO + “ 
Eulalia viridis . ++ + 
IIMA SONWUCHE op eo 6 B98 Go oo Se ++ + 
Phyllodoce maculata . +++ ++ 
Eteonepicta, ts, woul) pea ER seat Sr 
ALLOW UUSUCUNGTICLCACIES t-te +++ — 
LOTOOS ORM ee So 6 0 6 GG 8 Oo eo Ok + — 
ENiciieus: SUCCUILCG’ SmCu ou) 2 ae ae ee 0 + qa ae 
PlatynerciseD uments (otste cones (teem ++ ++ 
IPRISGGG (QUE ss Se eo eee +++ ++ 
INGHAIS CHTSUUUIDN 2 a 6 bb 6 6 Gla 9 o AS = ++ 
VATENUCOLARMATING | ACUILC) ne) inch smcen sar) sien neon = +44 
SUNS CHOTA oa oe 9 58 3 a G8 — +++ 
INGUONGIS ITOH 5 Bo 6 6 8 8 0 6 0 8 0 oo Gc — ++ 
TGS TUNIS. “a oo a — ++ 
ISHARES SOIOMED 6 6 6 on 6 6 6b Oo oO 8 nal +E 


animals do not exist, the point is where to look for them”’ certainly are 
somewhat exaggerated and provoke contradiction they have a kernel 
of truth. 

Those who are extremely keen on the finding of new records for the 
national fauna, should be well aware that the species listed in this paper 
donot necessarily belong to the autochthonic fauna of the Dutch inshore 
waters. Though I feel sure that the vast majority of the animals found 
on the shells of living oysters have occurred here on natural oyster beds 
since time immemorial, with some obvious and well-known exceptions 
(e.g. Crepidula forncata (L.)), it is possible that some species have been 
introduced accidentally from abroad. Sometimes the Dutch oystermen 
scattered young French oysters on their beds to replenish their depleted 
stocks. ‘This was done after the devastating winter of 1890-91 and again 
on larger or smaller scale in the years 1936, 1937, 1938, 1939, 1940, 
1944, 1946, 1947, 1948, 1949. Though the French oysters, purchased in 
the Morbihan (Brittany) and in Arcachon (Gironde) are usually very 
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clean indeed, and though few animals living on the oyster’s shells will 
survive the journey, some may. Often species thus introduced from 
abroad cannot survive and/or reproduce in the new environment, espe- 
cially because of lower temperatures in summer and/or winter, com- 
pared with the waters they came from. Some may feel at home, how- 
ever. I feel sure that at least a few of the species mentioned below 
have been introduced with French oysters, but it will be very difficult 
indeed to adduce convincing evidence in any particular case whether a 
species should be reckoned to belong to the original fauna of the 
Oosterschelde. The specimens discussed in this paper have all been 
found on the shells of native Dutch oysters, and therefore are at most 
descendants of new-comers from abroad and in no case the introduced 
specimens themselves. 


Noting the great number of species occurring on the shells of living 
oysters, we wonder what micro-ecological conditions render these shells 
so attractive as a habitat. Since the oysters live below low water level in 
the Oosterschelde, there is no reason to assume that water temperature, 
salinity or pH differ noticeably from those prevailing in the bulk of 
the sea-water. Though I admit that these factors are very important in 
ecology, I feel that the ease with which they can be measured often 
leads to serious undervaluation of the importance of other ecological 
factors. In the special case of the shell of the oyster as a habitat, the 
factor ‘shelter’ is probably of great importance. 

The oyster shell offers excellent hiding places, even to fairly large 
animals. In this the flat valve is of greater importance than the cupped 
one. On the flat shell concentric rows of fairly large imbricate scales, 
(this is the prismatic layer of the oyster shell, present on the flat valve 
only) offer an excellent opportunity for hiding or for making either a 
temporary or a permanent burrow. By placing the oysters in a shallow 
dish with sea-water, and by lifting the scales of the prismatic layer one 
by one with a preparation needle, we can collect the many denizens of 
this very special habitat. Though the majority of the non-sedentary 
animals living on the shell of the oyster is to be found on the flat valve, 
the number living on the outside of the cupped shell is by no means 
unimportant. Depending on ecological conditions, especially on cur- 
rents and wave-action, the cupped valve is more or less ribbed, and 
these ribs are more or less fluted. Thus many a fine shelter is available 
to the members of the epifauna. Both on flat and cupped valves the 
oyster’s epifauna finds plenty of opportunity to burrow and to hide out 
of sight and out of reach of their predators. 

Another important side of the factor “‘shelter”’ no doubt is protection 
from silting. Pebbles and shells lying on the bottom of the sea, and 
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especially in estuaries, are always liable to gradual silting or to be- 
coming covered by fine sand. Then the epifauna on such a substratum 
faces disaster. A living oyster, on the other hand, usually manages to 
keep reasonably free from silt and sand, which means permanent pro- 
tection from this danger to its epifauna. 

We wonder whether the factor food shows special features on the 
shell of the oyster. Unfortunately we know very little about the feeding 
habits of the different animals encountered there. A tentative classi- 
fication, based on the type of food used, has been made for Polychaete 
worms (VON BRAND, 1927), but in too few species have we knowledge of 
their daily diet. The vast majority of the data in the literature is of a 
purely taxonomic and faunistic character. 

There is ample evidence that very many members of the community 
found on the oyster’s shells do not use the shell as a temporary shelter 
only, but are more or less permanent residents. We might suppose that 
the non-sedentary species leave the oyster at night, to hunt for food, and 
return to their appropriate shelter later. I examined many oysters, 
however, which lived in wire-covered trays, and was able to compare 
them with oysters living on the oyster beds. There appeared to be no 
significant difference in epifauna. If the animals really left the oyster at 
night, it would be far more difficult for them to find the oysters in the 
trays again, than oysters living on the beds. In that case we should 
expect a far poorer epifauna on oysters kept in trays. This is not the 
case, however. Oysters in trays usually display a richer epifauna than 
those lying on the beds. 

As will be demonstrated below, the majority of the members of the 
epifauna do not reach the oysters during rambles on the sea-bottom, 
but settle down on the oyster’s shell at the moment they end their plank- 
tonic life. There is little doubt that many members of the oyster’s epi- 
fauna find their food on the shell itself. Both microscopic and macro- 
scopic plants live on and in the shell, protected from silting, and may 
serve as food to many animals. Other members of the epifauna are able 
to collect their food from the surrounding sea-water, or can utilize the 
particles of detritus deposited on the shell. Several others are predatory 
on those herbivores, filter-feeders, and detritus collectors. Unfortunately 
I must leave undecided to which category belongs every separate 
member of the rich epifauna of the oyster’s shells. 

We wonder whether or not the oyster itself contributes to the food of 
its epifauna. Though I investigated this possibility very carefully, I 
found no evidence that any of the epibionts can be considered as true 
parasites feeding on the living tissues of the oyster itself. The possibility 
remains, however, that faeces and pseudo-faeces (dejecta and rejecta) 
produced by the oyster may contribute to the fertility of the habitat. 
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Pseudofaeces and faeces mainly consist of material concentrated by 
the oyster from the surrounding sea-water by means of its intricate and 
efficient filtering apparatus, and are rich in organic material. At least 
part of this material may become deposited on the shell of the oyster, 
especially if large numbers of oysters are kept on trays. In an effort to 
investigate this matter, I made a lot of “dummy” oysters by gluing 
together empty shells of oysters of comparable shape, texture and size. 
I exposed those dummy oysters for prolonged periods on trays in the 
station where I kept my living experimental oysters. I compared the 
epifauna of the living oysters with that of the dummy’s. Contrary to 
expectations no difference of any importance has been found in the 
number of species and individuals inhabiting the shells of living and 
dummy oysters: TABLE II (See page 40). 


From this evidence we can draw the conclusion that the production and 
deposition of faeces and pseudofaeces by the oyster itself is not a factor 
of great importance in the ecology of the epifauna of the oyster shell. 


QUANTITATIVE DATA 


As mentioned above, the primary purpose of my observations on the 
epifauna of the oyster was to find out whether or not the marked peri- 
odicity in the spreading of shell disease was accompanied or preceded 
by a similar periodicity in the occurrence of one or more of the animals 
associated with the oyster. To this end series of quantitative obser- 
vations, made at frequent intervals, were started. This was carried on 
for several years in succession, especially because the data collected in 
the first summer (1941) seemed to support my hypothesis that an animal 
vector is involved in the spreading of shell disease. 

From a general zoological point of view the quantitative data col- 
lected are highly interesting, because they clearly demonstrate how the 
little community on the shell of the oyster develops gradually in the 
course of the year. Experimental oysters, all of the same age-class, and 
approximately of the same size, were kept on wire-covered trays in 
exactly the same position every year, and placed and kept there in 
exactly the same way. 

In the course of the season more and more creatures settle down on 
the shells, while others disappear from the scene as the season advances. 

A complication is that the size of the oysters, and with that the 
surface area of their shells, increases as the oysters grow in the summer 
season. In my well-selected station at Yerseke I placed every year trays 
with young oysters (10 months old), newly detached from tile-col- 
lectors, and practically without epifauna. Roughly speaking we can 
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TABLE II 
Yerseke 1942. Epifauna of living oysters from regular series, 
compared with that of dummy oysters 
@ Hl. Beene “4. g a .§ g 
gigslelsel ea |gist| 2,6 lets] bp é 
BRO O12 2 Oo) 8 oo 1h PA Ss Bolle se ele agrs 
Material PH lek el Se ee ee ee eee 
eee sleee els os loess] sos loess] See 
a 3 S S 3 S 
a iarat Marder moray ce cs | 
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z 20-7-1942/ 20-7-1942| 20-7-1942| 1-9-1942 | 1-9-1942} 8.9-1942 | 8-9-1942 
Foraminifera: 
Crithionina heinckei ++ dese + ++ ++ shar ap 
Ciliata: 
Folliculina ampulla ete ++ ++ +++ +++ +++ +++ 
Porifera: 
Hlaliclone limbata + = == ae = + = 
Coelenterata: 
Laomedea loveni 4: = —— = = = 
Aurelia aurita ++ +5 3 ++ sae oe sea ese oe 
Sagartia anguicoma — = —= ie = + = 
Nematoda Z At — 1 — 1 = 
Polychaeta: 
Lepidonotus squamatus 18 5 Z 6 4 1 13 
Harmothoé impar 94 26 30 100 26 124 28 
Pholoé minuta 65 oe 50 60 86 58 67 
Phyllodoce maculata 5 i 4 — v 1 == 
Eulalia viridis _ 1 — — — — — 
Eulalia sanguinea 46 9 24 6 2 11 3 
Autolytus aurantiacus 60 27 44 9 6 18 2. 
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Polydora ciliata 40 36 36 34 6 Su ze 
Ostracoda: 
Loxoconcha impressa — = = 2 = = = 
Harpacticida: 
Longipedia minor + +o = ae + ae = 
Aphipoda: 
Corophium acherusicum 3 — — — 4 3 3 
Microdeutopsis 
gryllotalpa — — — 2 oem 1 aos 
Decapoda: 
Carcinides maenas 8 juv. 7 juv — 7 Juv. — 3 juv. = 
Pycnogonida: 
Anoplodactylus petiolaius = — = = — 1 — | 
Bryozoa: 
Bugula plumosa = + — — — zs 3 || 
Barentsia gracilis -- af = — — — — | 
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say that the diameter of their shell increases so long as the temperature 
of the water remains above 15° C. Besides these I often placed oysters 
one year older (22 months) on a tray in the same station, and made 
observations on their epifauna at frequent intervals. The area of the 
shells of these oysters increased also as their shells put on new growth. 
Expressed as a percentage of the original shell area, increase of avail- 
able space remained far behind that in the younger oysters. 

The new-comers on the shell of the oyster are practically always of 
a very small size, but occasionally larger specimens make a sudden 
appearance. The latter should be considered as incidental visitors and 
seldom remain. They can hardly be reckoned to belong to the char- 
acteristic epifauna of the oyster shell. The true members of the bio- 
coenosis of this habitat settle down there as young individuals coming 
from the plankton. 

An interesting experiment adduced evidence to support this view. In 
the very same station at Yerseke where I placed my trays with oysters, 
I placed a row of wooden boxes, measuring 50 x 50 x 20 cm. 

Two of the side-walls and the bottom of those boxes consisted of 
monel metal wire netting with different sizes of mesh. Every box was 
placed with its corners on 4 concrete blocks (20x20%x20 cm) and 
was thus kept well above the bottom. Inside the boxes I placed about 
50 young oysters. The lids of the boxes were well fitted against the walls 
with the aid of rubber tubing and clasps, so that sea-water and animals 
could enter only through the meshes of the wire netting. I cleaned the 
wire once every week, so that oysters and epifauna could not suffocate 
by a possible smothering of the wire netting. Even so, the boxes with 
closely woven netting showed a poorer growth of the oysters, which 
indicates that smaller quantities of water flowed through those boxes. 
The boxes with coarse mesh, on the other hand, had an ample sea-water 
supply from the tidal current. At the end of the season I collected the 
animals present in the boxes and on the oysters, which animals must 
have arrived there through the meshes of the netting. Many of the 
specimens collected were now unable to leave the boxes in the same 
way, because of their size. This proves that they must have entered the 
boxes as tiny specimens. In table III the results of these observations 
have been tabulated. Even through netting with 80 meshes/inch an 
appreciable number of members of the oyster’s epifauna could make 
their entry. Some species, however, are decidedly more numerous in 
the boxes with the coarser netting. I must leave undecided whether this 
should be ascribed to a reluctance or inability of the early sedentary 
phases to enter through the finer meshes or to a poorer aeration and 
nutrition in the boxes with closely woven netting. 
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TABLE If] 


Yerseke, 1940. Epifauna of oysters placed in wooden boxes fitted with 
wire netting 


Meshes per inch | 3 5 10 18 30 40 50 80 
Polychaeta: 
Lepidonotus squamatus. = 2 7 ai Z 1 — — 
Harmothoé imbricata = 1 DE 
Harmothoé impar 18 20 15 30 20 21 25 — 
Pholoé minuta 40 50 40 75 40 38 20 15 
Phyllodoce maculata 1 = 
Eulalia viridis 1 3 5 1 = 
Eulalia sanguinea 16 12 10 3 6 5 10 15 
Eteone picta 6 14 8 4 2 — 2 1 
Autolutus aurantiacus 15 10 Zo 15 1 — 1 1 
Nereis succinea —- — 1 3 — = = — 
Platynereis Dumerilti 15 3 4 8 2 1 — 2 
Polydora ciliata 32 20 20 10 25 60 25 10 
Capitella capitata 1 — = 
Lanice conchilega 1 — — 1 — = = oe 
Oligochaeta: 
Peloscolex benedeni = — I 
Mollusca: 
Tapes pullastra —- — 


In the station used (Yerseke, ‘‘Kijk-uit’’) the oysters have been kept on 
trays measuring 200 x 100 x 8 cm. The sides of the trays consisted of 
wood, the bottom of wire netting with square meshes, 3 per inch, and 
galvanised before and after weaving. All trays were treated thoroughly 
with coaltar to prevent corrosion and attack by shipworms. The trays 
were placed on 6 concrete blocks (20 x 20 x 20 cm) and covered by a 
lid of exactly the same construction, and kept in place with large iron 
hooks driven into the bottom. In the course of the season the meshes of 
the lid gradually clogged up with algal growth. An adequate renewal of 
water, and thereby a regular supply of food was ensured through the 
meshes of the lower tray, which did not foul to any extent. Weekly 
samples of oysters were taken out of the trays for investigation in the 
laboratory. Here the oysters were placed in shallow dishes with sea- 
water. The scales of the flat valves were lifted one by one to collect the 
epibionts hiding there. Further I poked into all the pits and shelters of 
the cupped valves to look for additional animal denizens. A needle, a 
pipette and a binocular lens were the main tools used. In my series of 
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samples I usually investigated 50 oysters. If samples are wrapped in 
paraffine-coated paper, and put in a cool place, they can be kept over- 
night without significant losses among the epibionts. 

Though I studied qualitatively the epifauna of oysters taken from 
many different beds, my quantitative samples all come from the same 
station “‘Kijk-uit”’, Yerseke, selected because of its serious infection 
with shell disease. This station is a tidal basin, situated a few hundred 
yards north of the harbour of Yerseke. Tidal basins are pieces of tidal 
flats enclosed by low dikes, so that they remain permanently filled with 
sea-water. The dikes emerge a few hours before low tide, and become 
covered with water with the rising of the flood. The oystermen use 
tidal basins for the storage of oysters, tile-collectors bearing oyster-spat, 
and trays with recently detached spat. Some tidal basins are con- 
structed free on the tidal flats, others are built against a big and high 
sea-dike. Our basin belongs to the latter category. It measures 40 x 50 
metres, and its western side consists of the dike of the Buren-polder, 
several metres high The bottom of this tidal basin consists for the 
greater part of a mixture of mud, sand, old shells and pieces of old 
broken tile-collectors. Less than 30% of the material of the superficial 
layers was found to be sand and mud. Therefore it can be said that the 
basin has a very firm bottom. The low dikes enclosing the basin on 
three sides are 110 cm high, a sluice-gate, constructed in the middle of 
the eastern side, is 100 cm high, so that the basin remains filled with 
water to a depth of 100 cm at low tide. As the bottom of the basin is 
situated about level with the average low tide, it is covered with more 
thans 3 metres of water at high tide. The oysters were kept on trays, 
placed about 20 cm above the bottom. In order to take samples and to 
inspect the trays I opened the sluice-gate until the water was about 
level with the lids of the trays. Thus the oysters were never fully ex- 
posed to the air. A few hours later the incoming tide restored the orig- 
inal water level. Tidal currents sweep rather violently over the basin 
and bring such an abundance of food that oysters grow exceptionally 
well in this basin. 

Considering the ‘hydrographical conditions prevailing there, we 
might consider it as an artificially elevated piece of sea-bottom, always 
covered with water, and still easy to reach at low tide, unless strong 
western winds prevent the tide from going out normally. Such a basin 
receives much more illumination than does the bottom at the depth 
where oysters are normally found. For several hours a day it is covered 
by a layer of water only roo cm thick. 

Water temperatures differ very little from that in the bulk of the 
water in the basin of the Oosterschelde. Perhaps during very hot spells 
the tidal basin warms up a little more quickly at low tide. But the 
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incoming tide restores normal temperature conditions a few hours later. 
The same holds good for salinity, pH, and oxygen-content. Fairly 
strong currents prevail many hours a day. From a few hours before 
until a few hours past low tide the basin is filled with slack water. 

Life is amazingly abundant in this basin, both in the number of 
species and individuals. I shall not attempt to enumerate the organisms 
which can be encountered, but 1 cannot resist pointing out some of the 
more conspicuous. Algae are abundant on the dikes, in the sluice-gate, 
on trays, stones, and shells. Numerous species of Rhodophycaeae, 
Chlorophycaeae, and Phaeophycaeae have been collected there. 
Fucus vesiculosus L. and Ascophyllum nodosum (L.) predominate quan- 
titatively. I want to make special mention of Ulva lactuca LE Jou and 
Codium fragile (SuR.) HarRior, as these species sometimes give cause for 
anxiety, threatening to smother trays and other apparatus and in- 
struments in the basin. Several fishes have been observed in the small 
plot of water, of which Clupea harengus L., Clupea sprattus L., Pleuronectes 
Slesus L., Syngnathus acus L., Anguilla anguilla (L.), Cottus scorpius L., Xoar- 
ces vwiparus (L.), Gobius microps KR@YER, Engraulis encrasicholus (L.), and 
Scomber scombrus L., are the most frequent inhabitants or visitors. The 
common shore crab, Carcinides maenas (L.), is very abundant, and so is 
Porcellana longicornis (L.). The interesting Macropodia rostrata (L.) has 
been encountered several times (e.g. 9-11-1941, 3-9-1940, and recently, 
9-9-1949, in great numbers about 800 metres north of this station). 
Crangon crangon (L.) and Palaemon elegans RATHKE are abundant, but 
I also found the green coloured Thoralus cranchii (Lracn), hidden 
between some tile-collectors (e.g. 27-8-1940, 9-10-1941, 17-9-1940). Of 
the smaller Crustaceans I mention the abundance of Praunus flexucsus 
(O. F. Muxt.) and Gammarus locusta (L.), and the occurrence cf Hyppolyte 
varians Leacu, Melita palmata (Mont.), Hyale nilsonii (RATHKE), Erich- 
tonius difformis (M. Epw.) and Jaera albifrons LEacH. The Cumacean 
Bodotria scorpioides (MoNnTAGU) is very abundant between the shell frag- 
ments of the superficial bottom layers. The Pycnogonids Nymphon 
grossipis F. (8-9-1942), and Pycnogonum femoratum (RATHKE) (4-12- 
1939) have been collected here. Mussels (Mytilus edulis L.) abound, 
especially attached to the stones of the dikes, and so does Littorina 
littorea L.. A fair number of oysters settle down in this spot, and Lit- 
torina obtusata littoralis L. lives among the sea-weed. Young individu- 
als of Mysella bidentata (Monv.), Tapes pullastra (Monv.) and Mya arena- 
ria L. and all sizes of Cardium edule L. are encountered in samples 
of bottom material, and so are many Aydrobia ulvae (PenN.). The 
large green Polychaete worm Nereis virens Sars can be dug out 
of the soil and so can Arenicola marina (L.), Nereis diversicolor O. F. 
MUt., Capitella capitata (Fasr.) Scoloplos armiger (O. F. MU zt.) 


om 


THE SHELL OF OSTREA EDULIS AS A HABITAT 45 


Fleteromastus filiformis (CLar.), and Nepthys Hombergii Aup. & M. Epw. 

Under shells and pieces of tiles we find the polychaete worms Lepi- 
donotus squamatus (L.), Harmothoe imbricata (L.), Harmothoe impar ( Jounst.) 
and Platynereis dumerilii Aup. & M. Epw., Lanice conchilega (PAut.), 
and Amphitrite Fohnstoneti MALMGREN apparently feel at home here, 
and the worms Phyllodoce maculata (L.), Eulalia sanguinea (OERSTED), and 
Peloscolex benedem (UDEKEM) are found in samples of bottom-material. 
The sea-anemone Sagartia anguicoma Prick is abundant here, while 
Diadumene cincta STEPHENSON settles on Ulva lactuca and other supports. 
The early develcpmental phases of the jelly-fish Aurelia aurita L. are 
sometimes very abundant here. The Ascidians Ascidiella aspersa O. F. 
Mutt., Molgula tubifera (OERsTED), and Botryllus schlosseri (MONT.) 
occur in smaller or greater numbers. The sponge Halichondria panicea 
(PALL.) covers the walls of the sluice-gate and so does the beautiful 
sponge Sycon ciliatum (FABR.), which may also settle on the trays in fair 
numbers. Haliclone limbata (Monr.) weaves a thin and light sponge 
coating on shells and tiles, and hibernates as gemmulae, which is most 
unusual for a marine sponge. The Bryozoan Bugula plumosa PAu. 
hangs from walls and trays, while Lepralia pallasiana (MOLL) often de- 
velops large colonies on stones and shells. The Hydroids Laomedia 
gelatinosa (PALL.) and Laomedia lovent ALL. as well as Tubularia larynx 
Evi. & Sou. have been found here. 

I feel sure, that a more thorough survey will reveal the presence of 
more species still, especially a host of smaller creatures, like Ostracods, 
Harpacticid Copepods, Foraminifera and other Protozoans. 

The species mentioned are enough to show that the station Yerseke, 
‘‘Kijk-uit” is by no means a biological desert, but that many species, 
belonging to several phyla, find here a congenial home. 


ANNOTATED LIST OF SPECIES FOUND ON SHELLS OF LIVING 
OYSTERS WITH SOME NOTES ON POLYCHAETE WORMS 
OCCURRING IN OTHER HABITATS 


PHYLUM PROTOZOA 


There is not the slightest doubt that a great number of Protozoans 
should be reckoned among the epifauna of the shells of living oysters. 
As has been mentioned above, my methods of investigation of this par- 
ticular habitat did not enable me to observe, collect, and identify 
species of microscopic dimensions. A binocular lens magnifying x 10 
has been used in examining the samples of oysters collected at frequent 
intervals. Incidental microscopical observations revealed the presence 
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of a great number of minute organisms on the oyster shell’s exterior, 
but those have deliberately been left out of this list of species. 

Still, a few Protozoans figure here because they are of such a large 
size that they can be distinguished by the naked eye. Some of them 
may be found so frequently and in such great numbers, that they 
should be reckoned among the regular denizens of the habitat under 
consideration. 


FORAMINIFERA 


Archimonothalamia: 
Crithionina heinckei RHUMBLER (fig. 1). 


Of frequent occurrence on the shells of oysters is a peculiar organism 
belonging to the Archimonothalamic Foraminifera. Its exterior ap- 
pearance is that of a little white dome, usuaslly measuring from 600 uu 
to 900 wz in diameter. Though the base, attached to the oyster’s shell, 
usually approaches the circular shape, some of them are more elongated 
or possess one or more rather irregular protrusions. Their colour, snowy 
or creamy white, renders them conspicuous, even to the naked eye, 
especially when they are attached to the brown scales of the prismatic 
layer on the oyster’s flat valve. Often an accumulation of some “dirt” 
of a yellow or greenish brown colour can be observed on one particular 
spot of the white dome shaped case, sometimes in the centre, some- 
times close to the margin. If we brush this dirt away carefully, a tiny 
hole, from 70 to 110 mw in diameter, is revealed. If we watch carefully 
and patiently, the animal inhabiting the little white dome may be 
observed to come out of the tiny hole: a viscous foamy protoplasmic 
body protrudes, of irregular shape and speckled all over with minute 
brown spots. Occasionally a narrow or broader stream of protoplasm 
may creep out of the dome over quite a distance. The protplasm is able 
to send out pseudopods, wich may be rather broad or of a hairlike 
shape, which pseudopods may proceed to anastomose. One can observe 
foreign bodies, among which smaller living beings, becoming included 
in the flowing protoplasm. The protoplasm does not necessarily leave 
the dome through the ostium. Some domes do not possess this round 
aperture. In this case the protoplasmic stream may leave the dome from 
underneath, flowing out in between the substratum and the dome it- 
self. I presume that the “‘dirt”’ usually found on or near the ostium has 
some relation to the animal’s feeding behaviour; a few hours after 
having been taken away it reappears. It may be interesting to note, 
that I often encountered small green algae (20 «), possessing a conspic- 
uous red pigment spot, on the little white dome of Crithionina. I cannot 
say whether or not symbiosis is involved, but it is certainly remarkable 
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that the wandering protoplasmic stream does not seem to destroy these 
algae readily. 

On the underside the dome is not closed with white material. There- 
fore it is fairly easy to take the occupant out of it alive. The naked 
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Fig. 1. Crithionina heincke: RHUMBLER; a: case on substratum; b: part of the shell; 
sand-grains imbedded in organic material; c: animal protruding from its case; 
d: advanced stage of protrusion; e: case removed, formation of pseudopods. 


animal, showing a fairly large round hyaline vacuole in its centre, goes 
on creeping on its new substratum, making irregular protrusions and 
pseudopods, some of which may give the animal a hairy or ciliated ap- 
pearance. Without taking these pseudopods, up to 400 w long, into 
consideration, the extended animal may measure up to 1500 pm. 
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I repeatedly observed that this organism may shift with its dome- 
shaped case on its substratum. Also that living specimens attached to 
a tiny piece of substratum only, are able to turn over on the other side 
if placed in a glass container with sea-water. The latter observation 
showed me that the little white domes could not be the eggs of any 
animal, and eventually brought me on the right track to identify this 
organism as Crithionina heincker, described by RHUMBLER in 1928. 

The little white dome is not stiff but somewhat flexible and is not 
calcareous, as immersion in dilute hydrochloric acid shows. It has a 
leathery appearance and is fairly thickly walled (40 to 50 «). The white 
dome is moderately smooth and not at all transparent. Observations in 
incident light show that foreign bodies of irregular shape and size, up 
to 25 w long, are imbedded in the dome. The incrustations, which are 
of a light gray colour, are imbedded mosaic-wise in a very white organ- 
ic material. Only the incrustations, 5 to 25 mw long, and apparently 
consisting of silica, remain after igniting. 

I did not count the exact number of Crithionina on my oysters, but 
noted down their relative frequency in my quantitative samples as: 
“‘absent’’, “‘present’’, ‘‘moderate numbers’’, ‘‘fairly abundant’’, and 
“‘abundant’’. It may be seen from the tables that Crithionina, though so 
far as I am aware thus far only found by RuuMBLER at Heligoland, is 
far from rare in the Oosterschelde. As a rule, the young oysters recently 
taken from the tile collectors, with which I started my annual series of 
sampling, did not bear any Crithionina at all. Usually 3 to 4 weeks 
elapsed before the first white domes were found. From that moment 
their number was found to increase fairly rapidly to ‘‘moderate”’ or 
“fairly abundant’. They did not disappear when the water temperature 
dropped later in the year. 

Crithionina heincket RHUMBLER has not only been observed on shells of 
oysters in the station ‘‘Kijk-uit’? Yerseke, as set out in the tables, but 
also repeatedly on oysters taken from several plots on the Yerseke Bank, 
Oosterschelde. I also found them on limed tile-collectors West of Yerse- 
ke, and attached to Ulva and other sea-weeds, e. g. on plot 443 at the 
South-Eastern tip of the Isle of Tholen, and in the oyster basin made 
from the ancient Bergen op Zoom water redoubt. 


Rotaliaridia: 

Rotalia beccarii (u.) 

A fairly large polythalamous Foraminiferan has been collected on the 
shells of the oysters kept in the station “‘Kijk-uit’”, Yerseke. Miss W. 
VAN DE Geyn kindly identified it as Rotalia beccarii (L.). This species 
appeared to be extremely abundant in the superficial bottom layers of 
the oyster basin in which I kept my experimental trays. I therefore 
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consider its presence on my oysters, where it has usually been found 
among the sandgrains and detritus particles in the crevices of the shell, 
as purely accidental. 

On several other occasions I found this Foraminiferan on the shells of 
oysters taken from the regular plots of the oyster farmers. As this 
Rotalia can be found in great numbers in many places in the Ooster- 
schelde, and elsewhere along the Dutch coast, the occurrence of a few 
on the shells of oysters can hardly be avoided. 


CILIATA 


Heterotrichida: 
Folliculina ampulla MULLER (fig. 2). 


A third Protozoan of fair dimensions, and this time of a conspicuous 
coloration as well, belongs to the epifauna of oysters. This crea- 
ture, living in a well-shaped bottle green case, can be found in this 
habitat so regularly and in such great numbers, that it should be reck- 
oned as a characteristic inhabitant. Thousands of tiny little ampullae 
may be found to cover the oyster shells. It is one of the first creatures 
which settles inside the empty shells of recently died oysters. Its green 
colour renders it very conspicuous, even to the naked eye, against the 
glossy white shells. 

This Protozoan, usually measuring from 200 to 800 yw, was tenta- 
tively identified as Folliculina ampulla MULLER. ReEEs (1883) has al- 
ready noted this species in his list of Protozoans feund in the Ooster- 
schelde, but he only came across occasional individuals and did not 
find the dense populations on the shells of oysters or inside empty shells. 
I believe that Folliculina ampulla is a fairly important member of the 
epifauna of the oyster. Under natural conditions, two slender peri- 
stomal lobes protrude from the free end of its case in search for food, 
which is undoubtedly taken out of the surrounding sea-water. Judging 
from its rapid increase in numbers inside empty shells and on the shells 
of my experimental oysters, its growth and reproduction must be rapid 
at least in the summer season. Therefore, Folliculina may be important 
as basic food for many members of the oyster’s epifauna. In fact I 
witnessed the Foraminiferan Crithionina ingesting a Folliculina. I cannot 
support ScHoppDuUYN’s view (1927) that Folliculina clears away dead 
bodies of oysters. In this crabs and similar marauders, as well as micro- 
organisms, wich are soon counted by the billions, will be far more 
effective. May be ScHoppuyYN misinterpreted Folliculina’s rapid settle- 
ment of the interior of empty shells of recently died oysters. 

I noted the occurrence of Folliculina in my tables in the same way as 
has been done for Crithionina, making a rough estimation of their abun- 
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dance. From my data it can be deduced that Folliculina increases in 
number in the course of the season, and does not disappear readily 
when water temperatures start to drop later in the year. In fact I re- 
peatedly observed specimens feeding actively in mid-winter. 


tube 320 u 


tube 5504 


230 Lb 


Fig. 2. Folliculina’s from an oyster shell, Oosterschelde 


The lesser fluctuations in its occurrence set out in the tables may be 
due partly to the fact that I did not make exact counts of the numbers 
of Folliculina, and partly to a certain equilibrium between its reproduc- 
tion and the losses suffered regularly. 

After reading Das’ 1949 paper, I became aware that a creature 
named Folliculina ampulla MULLER may not exist at all, but that the 
specimens observed might belong to another, perhaps even to several 
different species. Many authors identified tentatively the Folliculina 
encountered as Folliculina ampulla MULLER, and overlooked the dif- 
ferential features. Das states: ““There is no gainsaying the fact that 
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many different species of Folliculina have been recorded as Folliculina 
ampulla by past workers. I have strong suspicion that the species Follicu- 
lina ampulla is really non existent.” I found that this holds good for the 
species living in the Oosterschelde, and recognized later: a. the large 
species Folliculinopsis producta (WricuT) with its multiple nucleus, and 
its long tubes placed vertically on the ampullae, which shows ro to 12 
spiral thickenings; b. Folliculinopsis andrewsi (HEpz1), which is some- 
what smaller, has a wider ampulla and only 5 to 8 spiral turns on the 
tubes, which are often placed obliquely; ¢. and a smaller species still, 
with a single nucleus and an ampulla of about 230 u long witha typic 
constriction at its free end. The case of the latter species stands up- 
right on its tip. Most probably it is a species of Parafolliculina, perhaps 
P. hirundo (Kent), though this species should have a smaller case and a 
paler colour, and moreover is said to live horizontally. 

Since it is perfectly impossible to find out afterwards which species 
of Folliculina predominated on the shells of my experimental oysters in 
the years 1941-1945, they will figure together in the tables as Foliculina 
ampulla. 

I have seen them in great numbers not only on living oysters and in 
empty shells on many oyster plots, but also on the lime-coating of tile 
collectors, and on mussel shells used as collectors. 


PHYLUM PORIFERA 
CALCAREA 


Sycon cilratum (FABR.) 

This rather small, approximately cylindrical sponge of creamy white 
colour, with a large and fringed single osculum at its free end, is far 
from rare in the Oosterschelde. It can be found hanging, osculum 
downward, on tile collectors and on the vertical parts of the walls of 
tidal basins at Yerseke. Many years ago, the late Prof. VosMAER, a 
Dutch sponge specialist, found this species in great numbers on the tile 
collectors of the Yerseke oystermen. In certain years Sycon ciliatum ap- 
peared to settle on my experimental oysters at Yerseke too. I consider 
its occurrence there as accidental, and do not reckon this sponge 
among the creatures living by preference in this habitat. The frequency 
of its occurrence on my oysters can be judged from the tables. It is my 
impression that this sponge flourishes especially in the months of 
August and September. 


Leucosolenia botryoides (ELL. & SOL.). 
For the sake of completeness I mention this delicate little sponge, re- 
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sembling a richly branched dead discoloured piece of red-weed. I found 
it occasionally in September and October in my oyster-trays in the 
station “‘Kijk-uit”’, Yerseke, e.g. 19-10-1943. It seems to be rather rare 
in the Oosterschelde. 


MONAXONIDA 


Clione celata GRANT. 


Oystermen from many different countries are familiar with the boring 
sponge, and the ravages it can bring about among their oysters. Oyster 
fishers knew this pest long before Grant described it from the Scottish 
oyster beds. The members of the family of the Clionidae excavate 
galleries in the shells of molluscs and in other calcareous material. A 
literature far too extensive to review here deals with the boring sponges 
and with their relations and influences on oysters and the oyster in- 
dustry. Locally (e.g. in North Carolina, South Carolina, and Georgia, 
U.S.A.) their influence is so great that oyster farming below low water 
level seems impossible, at least in waters of rather high salinity. Though 
more thans a dozen species of Clione are said to inhabit oyster shells, 
only Clione celata GRANT has been found in the Dutch waters. 

Though serious damage has been recorded from the French Atlantic 
coast, where according to GIARD (1881) entire oyster beds have been 
destroyed by the boring sponge, the Dutch oystermen did not complain 
about it until the year 1886. Horx (1887, 1902) remembered having 
encountered only occasional individuals on the Dutch oyster beds 
during the 1883-1884 investigations. The boring sponge increased so 
much afterwards, that the fisheries report for 1886 makes a special note 
of it. In his rg02 report on the difficulties met with in the Dutch 
oyster industry, HoEK counted up to 10% of the oysters affected by 
bering sponge on his experimental plot. HoEK also mentions having 
found high percentages of oysters affected on a natural oyster bed near 
the Isle of Terschelling in the year 1899. 

Nowadays the boring sponge is hardly noticed on the Dutch oyster 
beds. Occasionally one comes across an oyster with honeycombed 
shells from which the sponge’s slightly retractable sulphur-yellow 
“heads” protrude. One may investigate hundreds of Dutch oysters, 
grown under low water level, without coming across a shell attacked by 
Clione celata. The older the oyster, the greater the chance that it even- 
tually becomes infected with Clione. Therefore the boring sponge is 
rather frequently found in old oysters attached to stones at the foot of 
the sea dikes in the Zealand waters. Its occurrence in oysters one or 
two years old is very rare indeed. I never found it in my experimental 
oysters. ‘Therefore Clione celata does not appear in my tables. 
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This is not the place to give a treatise on Clione and its influence on 
the oyster industry. I want to make a few remarks, however, on its 
frequency of occurrence and on its relation to the oyster. No doubt the 
records of detrimental influence by the boring sponge found in the 
Reports of the Fishery Board of the Zealand Streams coincide with 
periods of neglect and overpopulation of the beds, during which the 
oysters showed a slow growth only, and many beds were overrun by 
“weeds” and “‘pests”’. I ascribe the very limited incidence of boring 
sponge nowadays at least partly to a regular and thorough cleaning of 
the oyster beds, and rapid growth of the oysters. The Dutch oystermen 
do not apply any special methods of control against the boring sponge, 
such as relaying the oyster on beds exposed at low tide, as was ad- 
vocated by TopsEnt (1900), or bathing the oysters in fresh water to kill 
Clone. Should Clione ever come to affect a greater number of our 
oysters, I feel sure that our oystermen, who clean their beds at least 
once every two years very carefully, and sort their oysters ashore, 
would dip all their oysters in a disinfectant before relaying them, as is 
done now against Crepidula and shell disease. 

Clone celata is not a true parasite of the oyster. It excavates its 
galleries in the shells of oysters only to create an adequate habitat. Here 
again living oysters ensure better protection against silting than empty 
shells. Several investigators (e.g. HoEK, 1902) recognized that a light 
or moderate attack of Clione does not do appreciable damage to the 
oyster. The edible parts of the oyster may remain in perfect condition 
notwithstanding the presence of Clione. The affected oyster’s shell, 
however, becomes brittle, and may easily break during packing and 
transportation. No Dutch oysterman would think of packing an oyster 
seriously affected by Clione. The evil smell of a broken Clione-infected 
shell might spoil his pack. 

Both HoeExk (1902) and Topsent (1900) claim that a heavy attack 
may cause appreciable damage to the living oyster. TopsenT observed 
that the oyster struggles against Clione by depositing little patches of 
conchyoline at each menaced point. I can corroborate this observation. 
Wherever Clione threatens to perforate the oyster shell, the oyster re- 
sponds by sealing it off with a patch of greenish-yellow conchyolin. 
In exactly the same way it acts against shell perforations caused by 
Polydora ciliata. It seems probable that the oyster begins to suffer when 
owing to the enhanced activity of Clione the sealing off has to be 
repeated on a large scale and with great frequency. As soon as the 
oyster fails to keep the Clione well covered by conchyolin, it breaks 
down. The first sign is a discolouration of the oyster’s mantle tissue 
opposite the sites where Clione is on the point of perforating the shell. 
Next, the entire oyster becomes discoloured, weak and often thin; then 
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death is approaching. It can be seen that the shells of recently died 
oysters are just or hardly perforated by Clione. Problably Clione’s 
excretions (the same which are involved in the still rather mysterious 
work of boring the galleries?) strongly affect the living tissues of the 
oyster. Mrpcor (1949) demonstrated that similar relations exist be- 
tween Clione and scallops. 

Apart from its being an oyster pest, the Dutch oystermen hate the 
boring sponge because of its disagreable odour, resembling that of 
crude phosphorus, and especially because its specules often bring about 
nasty and inconvenient infections in the hands of those engaged in the 
sorting and grading of oysters. 


CORNACUSPONGIDA 


Halichondria panicea (Pallas) FLEM. 


The crumb-of-bread sponge is very common in the Oosterschelde. 
Even in the tidal basin at Yerseke used in the work discussed in this 
paper, it occurs in numbers. Occasionally it settles on an oyster or on 
an empty oyster shell, and in time often envelops them completely. 
Though the losses thus effected on the Dutch beds are hardly worth 
mentioning, it may be different elsewhere. Thus Mogsius (1893) in- 
forms us that many oysters were severely smothered and ultimately killed 
by Halichondria panicea on the natural oysters bed investigated by him. 

Halichondria panicea did settle on my trays but not on my experi- 
mental oysters, and therefore does not figure in the tables. 


Haliclone limbata (Mont.). 


Often some of my oysters kept on trays at Yerseke became partly or 
entirely covered with a light spongy growth of a yellowish gray colour. 
Only rarely did the spongy material develop the shape characteristic of 
a sponge, complete with oscula. Under the thin layer of spongy mate- 
terial I often found extensive fields of yellow pellets, one layer thick, as 
if some moth had deposited her eggs on the oyster shell. I assumed that 
the pellets were the gemmulae of the sponge, though I did not know of 
any marine sponge hibernating as gemmulae. Dr VFrvoortT of the 
Leyden Museum of Natural History finally managed to identify this 
sponge as Haliclone limbata (Monr.). It is interesting to note that Vos- 
MAER too (1882) collected this peculiar sponge only near Yerseke. 
Though VosMaER then named it Chalinula fertilis (KELL.), preserved 
material collected there by him in August 1887 was used by VERVOORT 
to demonstrate that it is identical with the species Haliclone limbata 
(Monr.), described in detail by several other authors (e.g. GRENTZEN- 
BERG, ARNDT, TOPSENT). 
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Haliclone appeared year after year on my experimental oysters at 
Yerseke, though it is met with only occasionally in other places in the 
Oosterschelde. The tidal basin used by me seemed to be especially 
attractive to Haliclone since not only oysters, but also old tile collectors, 
shells, etc., were liable to become covered by this sponge. I noted in the 
tables whether or not Haliclone limbata occurred in my samples and 
tried to estimate its abundance. Further I made a note on the appear- 
ance of gemmulae. The yellow gemmulae are not of a very regular 
shape, though approximately of the same size. According to Dr VER- 
voorT the gemmulae contain smooth speculae and a porus, sometimes 
two. No doubt the sponge hibernates as gemmulae. Early in summer 
only gemmulae can be detected, at least on oysters which sojourned in 
the tidal basin at Yerseke the year before. In mid-summer the sponge 
cover develops from the gemmulae. As a rule it remains thin and rather 
shapeless. Sometimes it grows higher and develops real oscula. In mid- 
summer its colour is yellowish gray, sometimes mixed with a red tinge. 
Later (August) grey clouds rise from the sponge whenever touched 
(reproduction ?), and in the autumn grey is the general colour. The 
sponge disappears in early winter. That the formation of gemmulae is 
not delayed till the water temperature drops steeply, can be seen from 
the tables. Often gemmulae are abundant as early as August, or in 
September when rather high temperatures prevail still. 

It is interesting to note that this sponge was not present on the young 
oysters with which I started my experiments in early summer, but 
settled on their shells in the course of the summer season. Its presence 
was usually apparent in July. Formation of gemmulae started later in 
August or in September. Oysters one year older and already infected 
with Haliclone the year before probably had living gemmulae on their 
shells at the time | started my epifauna-observations. Hence the finding 
of Haliclone as early as June on these oysters. Nevertheless the formation 
of a new generation of gemmulae started at about the same time as on 
the oysters one year younger. 

The gemmulae apparently are quite hardy, since this sponge was 
normally abundant after the unusually severe winters 1939-40, 1940- 
"41 and 1941-42. Though they were not exposed to low air tempera- 
tures, they had to endure water temperatures of —1.7° C for many 
weeks in succession. The same holds good for the majority of the other 
species mentioned in this study. 
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PHYLUM COELENTERATA 


HYDROZOA 


Though the saline waters of the Oosterschelde are favourable to many 
hydroids, which can be found living attached to sea-weeds, stones, 
buoys, sea-marks, and similar supports, representatives of this group 
occurred only occasionally on my experimental oysters. 


Tubularia larynx Evi. & SOL.. 


This well-known hydroid often grows abundantly on the trays in which 
the oystermen rear their young oysters, about a mile N. E. of Yerseke. 
I only found a few colonies on my trays in the tidal basin of the station 
‘*Kijk-uit’’, Yerseke, and rarely one on my oysters. 


Laomedea loveni ALLMANN, and Laomedea gelatinosa (PALLAS). 


These species, often occurring in abundance in the Oosterschelde, have 
been collected occasionally on my experimental oysters. Their share in 
the biocoenosis found at Yerseke on the shells of living oysters appeared 
to be very modest, indeed. The hydroids mentioned in the tables all 
belong to the genus Laomedea. Though samples of oysters collected in 
other stations in the Oosterschelde were poor in hydroids too, this will 
not necessarily hold good for oyster beds in other countries. 


SCYPHOZOA 
Aurelia aurita L. 


A very interesting member of the epifauna of my oysters at Yerseke was 
the scyphistoma of the jelly-fish Awrelza aurita. Year after year this jelly- 
fish makes its appearance in the waters of the Oosterschelde in early 
summer. During May and June especially it may be seen in countless" 
numbers, its four horseshoe-shaped gonads then full of spawn. Some 
fishermen claim that this jelly-fish migrates inshore in the spring, and 
that they start to catch them in their shrimp trawls long before we can 
admire their graceful appearance in the surface waters of the Ooster- 
schelde. HorK’s observation (1884), made during his collecting cruise 
from 11-16 April 1882, that enormous numbers of Aurelia then occurred 
in the deeper layers of the Western part of the Oosterschelde, may 
confirm this view. Recent observations (VEWERY, in litt.) adduced 
evidence, however, that Aurelia aurita is a purely inshore species. Pecu- 
liarly enough, we do not know very much about Aurelia’s life cycle in 
Dutch inshore waters. The adults are abundant in early summer, and 
gradually disappear later. There are reasons for assuming that the 
adult jelly-fishes met with in summer are only a few months old, and 
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that the growth rate from ephyrae to adults must be amazingly rapid. 
Though we should expect an abundance of scyphistoma on submerged 
objects in Dutch inshore waters, they have rarely been found there. It 
was a pleasant surprise to find a great number of scyphistoma of Aurelia 
aurita on my experimental oysters at Yerseke in the summer of 1941. 
They apparently did quite well in that station, and reappeared year 
after year, though only in some years in great numbers. The graceful 
polyps settled on my oysters and on the trays, and also on old lime- 
coated tile collectors, and similar objects. Some years I also found them 
in the oyster basin constructed in the old water redoubt of Bergen op 
Zoom. On the other hand, samples of oysters taken in other stations 
never bore these scyphistoma. 

The polyps settled late in June or early in July, which is in accordance 
with the abundance of mature jelly-fishes in the month of June. Their 
number may increase in the course of the summer, but the growth 
shoots of the oysters put on later in the season were initially free of them, 
indicating that no more scyphistoma settled down. As the polyps are 
able to move about on the substratum as can easily be observed in the 
laboratory, they are inclined to spread more evenly over the oyster 
shells in the course of time. Oysters brought into the station Yerseke, 
‘‘Kijk-uit” later in the season (e.g. August 23rd, 1943), remained free 
of Aurelia polyps, indicating that no more polyps settled from the plank- 
ton as late as that. Peculiarly enough, the last sample taken of these 
oysters (6-10-1943) contained a few scyphostoma. Probably they mi- 
grated to the oysters from the wire netting of the trays. The latter had 
been in Yerseke since month of May. 

Another interesting point is that my data set out in the tables pro- 
vide no indication that the scyphistoma hindered or scared other 
members of the habitat. Though many scyphistoma occurred on the 
oysters 2 years old in August and September 1941, in September 1942 
and from July 14th to August 23rd, 1943, there is no evidence that 
this had any appreciable influence on the frequency of other creatures 
living on the shells of the oysters concerned. For this the non-sedentary 
Polychaet worms, usually occurring in great numbers, are especially 
good indicators. 

It can be seen from the tables that the first scyphistoma were ob- 
served on June goth in 1941, on June goth in 1942, June 2gth in 1943, 
July 13th in 1944 and July 3rd in 1945. 

Strobilation has been observed too, especially in the year 1943, 
when this process started as early as August goth. In October and 
November of that year most of the polyps were divided into discs and 
the first ephyrae detached themselves. This has been described and 
depicted in detail by Prof. BurcERs (1944), an amateur biologist, whom 
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I provided with material from the station ‘‘Kijk-uit”, Yerseke. VER- 
WEY (1942, 1949) assumes that strobilation as early as October and 
November is abnormal, and that the ephyrae produced so early will 
have little or no chance of survival. According to him the bulk of the 
jelly-fishes found in early summer will have started off as ephyrae in 
early spring. 

We eagerly wait for further information and still wonder where the 
incredible number of Aurelia observed in early summer originate. Do 
their scyphistoma live on stones at the foot of our sea-dikes, or on sup- 
ports further offshore? Surely the few from my station at Yerseke 
cannot provide them all. 


ANTHOZOA 


Sagartia anguicoma Price (s. S. viduata GossE). 


Occasionally a few specimens of this sea-anemone appeared to have 
settled on my experimental oysters. Since this anemone is most abun- 
dant in the tidal basin in which my trays were placed, its occurrence on 
oyster shells is no surprise. I wonder, however, how the anemones 
reached my oysters. It can hardly be assumed that they managed to 
crawl into the trays, climbing the concrete supports, and thus reaching 
the oysters 25 cm above the bottom. On the other hand, the individuals 
encountered were of a fairly large size. Therefore I do not believe that 
they were very young individuals recently settled down from the plank- 
ton. Perhaps rough weather and wave action hide the secret of their 
migration. 

Sagartia anguicoma is fairly regularly found on oysters in other stations, 
especially where the subsoil consists of a mixture of sand and mud rich 
in shell fragments. Since those oysters are in immediate contact with 
the bottom, it is easily understood how Sagartia can reach them. 


Diadumene cincta (STEPHENSON). 


This little brick-red sea-anemone is frequently met with in the station 
“Kik-uit”’, Yerseke. It is especially conspicuous when it settles down on 
the green leaves of Ulva lactuca, but lives on other substrata too. Thus it 
has been found occasionally on my experimental oysters in this station. 
I do not claim that this and other sea-anemones select oysters as an 
exceptionally favourite habitat. 
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PHYLUM PLATHELMINTHES 
TURBELLARIA 


Plagiostomum vittatum LEUCKART. 


This slender spindle-shaped Rhabdocoelic Turbellarian worm, bearing 
three conspicuous bands of purple pigmentation transversely, has been 
observed a few times, crawling about actively on the oyster shells. I 
found it at Yerseke (2 specimens) on June 16th, 1941 and again (1 
specimen) on June 16th, 1942. Later, I collected 3 specimens among 
oysters living on trays in the basin at Bergen op Zoom (August 5th, 
1942). I have never come across it since. Apparently it is a rare visitor 
on the shells of living oysters. 


NEMERTINI 


Lineus ruber L. 


Under stones and shells, and in mud collected between tile-collectors 
Lineus ruber is frequently met with. It a slender worm with a spatulate 
head, showing fairly deep head splits. It tapers posteriorly and is capable 
of impressive contractions and expansions. It has a dark bottle green 
colour. Some individuals, however, have a red-brown tinge. Occa- 
sionally I found it on my oysters, hidden in the mud deposits between 
the scales of the prismatic layer of the flat valve. 

I rarely found Lineus ruber on the young oysters, entering their 
second summer. On oysters one year older (included in my investiga- 
tions in the years 1941, 1942, 1943) I encountered a fair number of this 
Nemertean throughout the season. The greater amount of shelter 
offered and the fair quantities of mud and silt deposited between the 
scales of the flat valves of those older oysters apparently suited this 
species. Lineus ruber is said to feed on Annelids. Possibly it affected the 
composition of the Annelid fauna on the shells to some extent. The 
tables give no indication that this effect has been of a devastating 
character, however. 


Tetrastemma flavidum (EHRBG.). 

Another Nemertean worm, most probably Tetrastemma flavidum, with 
its four eyes and its pale pinkish-yellow colour was encountered a few 
times on my oysters at Yerseke, e.g. 20-5-1942, 14-7-1942, 5-7-1943, 
13-9-1943, 22-6-1944. Its influence on the equilibrium of the bio- 
coenosis of the oyster shells must be a very restricted one. 
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NEMATODA 


Nematode worms have often been found crawling about on the shells 
of the oyster, and especially between the scales of the flat valves. Their 
number was very modest as a rule (usually less than 1 per 10 oysters), 
and their influence presumably correspondingly limited. I collected the 
Nematode worms quantitatively in the years 1941, 1942, and 1943 only. 
These specimens have been identified by Dr J. H. ScHuuRMANS STEK- 
HOVEN. In the years 1944 and 1945 1 did no more then make an estima- 
tion of their total abundance. 

The specimens collected in my 1941 series of samples have been 
mentioned in SCHUURMANS STEKHOVEN’S 1942 paper, in which the 
author wrongly commented on a possible detrimental effect of the 
Nematodes, thought to be living in the oyster’s mantle cavity. The 
Nematodes were collected on the exterior surface of the oyster shell, 
however, and none of them was found in the mantle cavity. 

Of the Nematodes found, only Enoplus communis BAsTIAN and On- 
cholaimus skawensis DITLEVSEN occurred in fair numbers, so that they 
can be reckoned as part of the regular epifauna of the oyster. The other 
species are more or less accidental visitors. As I cannot contribute any- 
thing new on the biology of the Nematode worms encountered, I shall 
confine myself to a list of the species found: 


1. Anticoma limalis BASTIAN 10. Symplocostoma longicolle BASTIAN 

2. Thoracostoma figuratum (BASTIAN) 11. Enchelidium marinum EHRENBERG 

3. Thoracostoma trichodes (LEUCKART) 12. Gyatholaimus demani FILiPyEv 

4. Enoplus communis BASTIAN 13. Praeacanthonchus punctatus (BASTIAN) 
5. Enoplus brevis BASTIAN 14, Euchromodcra vulgaris (BASTIAN) 

6. Adoncholaimus fuscus BASTIAN 15. Chromadorita ditlevseni DE MAN 

7. Oncholaimus skawensis DiTLEVSEN 16. Monoposthia costala (BASTIAN) 

8. Metoncholaimus pristiurus ZUR STRASSEN 17. Theristus setosus BURTSCHLI 

9. Eurystomatina filiforme DE MAN 


In samples of bottom material taken in the tidal basin in which I 
worked | found Enoplus communis Bastian, Siphonolaimus niger DE Man, 
and Anticoma limalis Bastian; the latter in great numbers. 

Also on oysters collected on the plots of the oystermen | occasionally 
found some Nematodes. Here too Enoplus communis BAsTIAN prepon- 
derated numerically. 
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POLYCHAETA 


Aphroditidae: 

Lepidonotus squamatus (L.). 

Since Moestus (1893) recorded the finding of many specimens of Lepi- 
donotus squamatus on the natural oyster beds he investigated, this worm 
has been collected in several other oyster districts. Horsr (1884) stated 
earlier that Lepidonotus is abundant on the Dutch coast, which he con- 
firmed later (1896). Specimens from many a locality along the Dutch 
coast have been preserved in the Leyden Museum of Natural History. 
LreLoup (1940) found it in the Bassin de Chasse at Ostend, where he 
carried through an oyster culture project. 

It is not at all difficult to spot this yellow and sluggish worm in the 
oyster district of the Oosterschelde. It can be found on tile-collectors, 
on oysters, and hidden under stones. It is very slow in its reactions, and 
is easy to catch. Its identification offers no difficulties: its 12 pairs of 
yellow or light brown scales, fringed laterally, are characteristic 
enough. 

I found it in moderate numbers on my experimental oysters at 
Yerseke. Both the finding of young specimens and the increase of the 
number of Lepidonotus per oyster demonstrate that it settled from the 
plankton in mid-summer. In comparing oysters one year old with 
oysters which had entered their third summer, my data can be ar- 
ranged as follows: 


Period of increase in 

Year Cy sok numbers and predominance Maximum number 

cenis of young specimens 
1941 1940 25/6 — 11/8 1 per 5 oysters 
1941 1939 25/6 — 17/9 1 per 3 oysters 
1942 4a 30/6 — 14/7 1 per 5 oysters 
1942 1940 30/6 — 20/7 1 per oyster 
1943 1942 By 1 per 5 oysters 
1943 1941 29/6 — 14/7 1 per 3 oysters 
a: 1943 few only 1 per 12 oysters 
Gab) 1944 18/6 — 3/7 1 per 10 oysters 


These figures suggest that Lepidonotus breeds in mid-summer, though it 
should be stressed that my data cannot give much information about the 
events in the period between the months of November and May, during 
which my oysters wintered in the Basin at Bergen op Zoom. 
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In my plankton samples used for the predication of the setting of 
oysters, I repeatedly observed very young but easily recognizable 
individuals of Lepidonotus. | recorded their occurrence e.g. in the sam- 
ples of the 15th, 17th, and 19th of June 1942, but saw them on other 
occasions too. Only later (THoRsoN, 1946) I learned that Lepidonotus’ 
larvae have not yet been described properly. 

I also found Lepidonotus on oyster samples taken from the plots of the 
oystermen. Only twice: 21-10-1940 : p. 4171, and 4-4-1941 : p. 524 in 
such great numbers, that almost every oyster bore a Lepidonotus on its 
shell. I do not know what kind of food Lepidonotus takes nor the nature 
of its relations to the living oyster. 


Harmothoé imbricata (L.). 


It is not difficult to distinguish Harmothoé imbricata at first sight from 
Lepidonotus. Its 15 pairs of smooth scales, as well as some other charac- 
teristics can be used to identify this species. Like Lepidonotus, Harmothcé 
imbricata is common on the Dutch coast. Many specimens are present 
in the Leyden Museum, and Horst (1884) collected it at Wemeldinge. 
LeLoup (1940) found it at Ostend. Harmothoé imbricata is very common 
in the tidal basin at Yerseke where I placed my trays with oysters. It 
can be found there under old tile-collectors and under stones. I also 
saw it repeatedly on tile-collectors near Wemeldinge and near Strijen- 
ham (Isle of Tholen). 

Peculiarly enough it is but rarely found on oysters. Though it 
abounded in the tidal basin, only very few individuals have been found 
on my experimental oysters. The same holds good for other stations. I 
only found it twice on samples of oysters taken from the oyster plots: 
Pp. 417 21-10-1940, and p. 524 4-4-1941. From my observations at 
Yerseke I feel sure that these low figures are not due to Harmothoé’s 
swimming away during the sampling. 

Could it be that this species reproduces in mid-winter or early spring, 
so that young individuals had no chance of settling on my oysters? Its 
absence on oysters remaining throughout the year on the plots of the 
oystermen does not support this suggestion. Moreover THoRSoN (1946) 
found its larvae in spring, summer, and autumn, and but rarely in 
winter. He found young stages frequently in July and August. There is 
no reason to assume that this species behaves differently in the Ooster- 
schelde. 

I therefore conclude that the shell of the living oyster apparently 
does not suit Harmothoé imbricata as a habitat. 


* p. 417 means: plot 417 in the eastern part of the Oosterschelde, referring in this 
to the charts published by the ,,Fishery Board of the Zealand Waters’’ (Bestuur der 
Visscherijen op de Zeeuwsche Stroomen). 
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The specimens collected in the Oosterschelde, measuring from 20 to 
33 mm as a rule, show a wide variation in coloration. Some are of a 
warm speckled and clouded brown, others of a plain glossy light brown 
shade; the majority, however, has a broad dark-brown, almost black, 
glossy band along the back, and is of a very light shade laterally. 


Harmothoé impar JOHNSTON (fig. 3). 


There is good reason to pay special attention to Harmothoé impar, as this 
is one of the most conspicuous members of the epifauna of the oyster. 
Horst (1884) mentioned its occurrence in the Oosterschelde. FERRO- 
NIERES (1901) found it in oyster parks at Le Croisic, and LELoup (1940) 
detected it in the Ostend Bassin de Chasse, under stones, tile-collectors 
and among his oysters. 

Horst (1896) withdrew his identification later, and renamed the 
species collected in the Oosterschelde Lagisca propinqua (MALMGREN). 
Fortunately his specimens have been preserved in the Leyden Museum 
of Natural History, so that I could recheck Horst’s identification. I 
find that there is not the slightest doubt that Horst’s first identificaticn 
as Harmothoé impar was the correct one. Professor FAUVEL has been so kind 
as to confirm my view. Harmothoé impar, as collected by Horst and by 
me, has 35 to 40 setigerous segments. Its unpaired median antenna, 
more than twice as long as the paired antennae, shows a threadlike 
distal part. The palps are provided with papillae. Antennae and peri- 
stomial cirri bear long club-shaped papillae. The 15 pairs of elytrae 
(scales), which cover practically the entire body, bear a distinct fringe. 
The upper setae of the notopodia are doubly pointed, the lower ones 
show a single point only. The segments not provided with elytrae bear 
distinct dorsal protuberances. The posterior segments show olive-green 
spots at the bases of the cirri. The individuals collected by me measured 
12 to 25 mm, but those of 20 mm and larger were rare. Some specimens 
differed somewhat in colour from the general pattern: they showed 
plain orange-brown elytrae, without cloudy markings. Of others the 
body was slightly purple under the scales, which gave the entire animal 
a dark appearence. 

In the field it is fairly easy to recognize Harmothoé impar, and to 
distinguish it from Harmothoé imbricata and Lepidonotus squamatus. Har- 
mothoé impar seems to be more lively. It is brisk in its movements, even at 
water temperatures as low as 5° C. It is usually found in folds and 
crevices of the oyster shells. In older oysters also it occurs in appreci- 
able numbers between the scales of the flat valve. On tile-cllectors it 
lives in tiny holes in the lime coating or close to some protruding object, 
e.g. a young oyster. If touched, it tries to crawl deeper in its hiding 
place. If this does not help, it often tries to wriggle away with brisk 
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movements. Under water, escape by swimming is possible. Harmothoé im- 
par does not make the smooth appearance of Harmothoé imbricata, be- 
cause the former curls its dorsal cirri upwards. 

Though I did find Harmothoé impar in small numbers in some other 
habitats (e.g. on tile collectors with and without oyster spat; Wemel- 
dinge, Tholen) I consider the shells of living oysters as its favourite 
abode, at least in the Oosterschelde. Its occurrence on my experimental 
oysters can be summarized as follows: 


Period of increase in 

Year AE numbers and predominance Maximum number 

ae of juvenile specimens 
1941 1940 4/7—31/7, and in September 1 per oyster 
1941 1939 16/6— 4/7; 18/8 2 per oyster 
1942 1941 30/6—20/7; 25/8—15/9 3 per oyster 
1942 1940 9/6—16/6; 30/6—20/7 3 to 4 per oyster 
1943 1942 8/6—20/7; 23/8—October 1 per oyster 
1943 1941 8/6—14/7; 30/8—6/10 3 to 4 per oyster 
1944, 1943 22 /6—23/8 1 per 2 oysters 
1945 1944 5/6— 3/9 1 per oyster 


From this it can be concluded that Harmothoé impar breeds in summer, 
and that young individuals settle down in June and July, sometimes 
again in September. In some years the intensity of its setting shows 
marked peaks, in other years its setting appeared to be a rather pro- 
tracted phenomenon. Here again, it should be mentioned that my 
observations cannot prove that Harmothoé did not breed at all in winter 
and early spring. Very young individuals of Harmothoé impar have been 
observed by me in plankton samples. Both its morphological features 
and its characteristic behaviour (I always examined living plankton) 
banished all doubt about its identity. I did not record systematically 
the number of Polychaete larvae found in plankton samples. As my 
time was often too limited in summer, I could not always examine the 
plankton samples myself. In several years I found Harmothoé impar in the 
plankton in the last ten days of June and early in July, which tallies 
with the observations on juvenile specimens, tabulated above. I never 
investigated plankton samples in September, the spatfall of the oysters 
being over then. 

Harmothoé impar, being so conspicuous and numerous on oysters (I 
usually found from 1 to 3 individuals per oyster) I wondered what 
could be its relations to the living oyster and to the other members of 
the oyster’s epifauna. Some experiments were carried out in the lab- 
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Tig. 3. Harmothoé impar JOHNSTON; a: head, dorsal view; b. elytrum; c. notoseta; 
d. neuroseta; e. parapodium 


oratory to investigate Harmothoé impar’s way of living. To find out 
whether or not living oysters attract adult specimens of Harmothoé impar, 
I placed a fair number of them in shallow trays with sea-water the bot- 
tom of which was covered with fine sand, and some oysters. Some of 
the oysters were living, others just empty shells glued together. 24 
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hours later I counted the number of Harmothoé on the oysters, then 
chased the worms away and left them in peace for a second period of 
24 hours. Harmothoé apparently disliked the sand and most of them 
settled on the oysters. Contrary to expectations, the dummy oysters 
appeared to be nearly as attractive as the living oysters. I repeated this 
experiment many times and found only rarely a preference for the 
living oysters, worth mentioning. It appeared to be irrelevant whether 
the cupped or the flat valve of the oysters had been uppermost. If given 
a free choice between oysters, pebbles, and different small shells, placed 
on a sandy bottom, Harmothoé left the sand and settled on each of the 
types of objects offered. Oysters, and shells offering a good shelter (e.g. 
the deep umbo of Cardium shells) were preferred to Mytilus shells and 
smooth pebbles. Shelter probably is the most important factor. 

Another point was, whether or not Harmothoé is sensitive to light. I 
covered the trays with sea-water with a sheet of glass, partly blackened, 
and observed the Harmothoé after having been left in peace for 24 hours. 
Next I turned the glass 180° so that the light and dark parts of the dish 
were interchanged. Harmothoé always showed a marked preference for 
the dark part of the tray. It apparently prefers a shady place. 

To investigate whether the living tissues of the oyster attract Har- 
mothoé impar, | placed the worms in a shallow tray with oysters, of some 
of which I had exposed part of the mantle by taking away a piece of the 
shell. Though I occasionally saw a Harmothoé poking inquisitively with 
its extensible palps at the bare piece of the mantle tissue, there was 
never a general rush for the defenseless mollusc. I often kept my Har- 
mothoé for days without food before making the experiment. Harmothoé 
was more active at night (though some did not move from one spot in 
24 hours), but by next morning the shell of the wounded oyster hardly 
had more Harmothoé than those of the other oysters. I never saw any 
wounds or damage to the bare piece of the oyster’s mantle tissues. Still, 
on living oysters, Harmothoé usually settles down in the shallow furrows 
of the cupped valve, its head towards the shell’s margin. It sometimes 
seems to touch the oyster’s mantle border with its palps, but I am not 
sure why, and never witnessed any attack. Harmothoé holds its unpaired 
median antenna curled upwards. It uses its palps to feel. It can hold 
firmly to its support. Its occurrence on the oyster’s cupped valves if the 
latter are turned downwards proves this. It is sometimes difficult to 
wash it out of a collecting bottle. 

I must confess that I still do not know what the many Harmothoé 
living on the shell of the oyster take as nourishment and whether or not 
the oyster suffers in any respect from their presence or serve as food to 
Harmothoé in any way. If not, the possibility remains that Harmothoé 
impar is predatory upon other inhabitants of the shell of the oyster. If 
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this is so we could expect a smaller number of denizens in this habitat 
in years in which Harmothoé impar was particularly abundant, e.g. in the 
year 1942. One glance at the tables however suffices to demonstrate 
that species other than Harmothoé were normally abundant in that 
particular year that there is no indication that any species suffered 
noticeably from Harmothoé’s predominance in the year 1942. Therefore 
all I can say is that Harmothoé impar’s means of living is still a mystery 
LORIE: 


Pholoé minuta Faxrictus (fig. 4). 


Of this small worm, belonging to the subfamily of the Sigalioninae, one 
Juvenile specimen was found during the 1883-’84 zoological survey of 
the oyster beds in the Oosterschelde (Horst, 1884). Later (18096) 
Horst, enumerating the Polychaete worms of the Dutch coast, stated 
that Pholoé minuta had been found in the Oosterschelde on oysters, and 
also near the Isle of Wieringen in the northern part of the former 
Zuiderzee. In his treatise on the Polychaete worms of the Zuiderzee, 
Horst (1922) refers again to the finding of one single specimen on an 
oyster in the Oosterschelde. Though this probably is the same specimen 
recorded by Horst in 1884, the Leyden Museum of Natural History 
possesses Pholoé minuta collected in the Oosterschelde in 1go1 (according 
to its labelling) which Horsr must have known, unless the specimens 
were acquired much later, which is not indicated. 

My investigations revealed that Pholoé minuta occurs abundantly on 
oysters in the Oosterschelde. In fact, I rarely encountered samples of 
oysters without any Pholoé at all. Its favourite site appeared to be the 
oyster’s flat valve, where it hides between the scales of the prismatic 
layer. Though Pholoé is abundant in this habitat, I did not often find it 
elsewhere in the Oosterschelde. Sometimes I detected a few isolated 
specimens on tile-collectors bearing oyster spat (Wemeldinge, Tholen). 
Only occasionally did I find one in samples of bottom material. 

I made some observations under laboratory conditions. If forced to 
choose between oyster-shells devoid of scales and the detached scales, 
Pholoé showed a marked preference for the scales. An oyster of which 
part of the mantle tissue had been exposed, failed to attract the worm’s 
attention. It appeared to be immaterial to Pholoé whether the oysters 
are placed flat valve upwards or downwards. I could not obtain the 
slightest indication that it is in any way dependant on the living 
tissues, rejecta or dejecta of the oyster. 

Pholoé minuta is a clear cut case of Polychaete worms coming from the 
plankton and settling in their favourite habitat, the shell of the oyster. 
The young oysters with which I started my series, were free of Pholoé. 
Later, small juvenile individuals settled down, increased in numbers, 
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and started putting on growth in due course. Its occurrence on my 
experimental oysters can be summarized as follows: 


Period of increase in numbers 
Year ce and predominance of Maximum numbers 
pore juvenile specimens 
1941 1940 10/7—31/7, and late in August 2 per oyster 
1941 1939 10/7—25/8 5 per oyster 
1942 1941 30/6—20/7, and early in August 1 per oyster 
1942 1940 30/6—25/8 5 per oyster 
1943 1942 21/6—14/7 and 2/8 -20/9 7 per oyster 
1943 194] 29/6—14/7 10 per oyster 
1944 1943 19/7— 9/8 1 per oyster 
1945 OSes 25/6— 3/9 3 per oyster 


From this it can be concluded that Pholoé minuta breeds in summer. 
Especially in the months of July and August many juvenile individuals 
left the plankton to settle on the shells of my oysters. 

On full grown oysters, taken from the plots of the oystermen, I 
counted e.g. 


p- 417 21-10-1940 15 per oyster 
p. 524 4. 4-194] 10 per oyster 
paul 5-12-1940 12 per oyster 
Dal S 7-10-1940 4 per oyster 


These figures prove how abundant they are, and also that they occur in 
different months of the year. 

IT often encountered larvae of Pholoé minuta in my plankton samples. 
I recorded e.g. 14 specimens taken from 100 liters of water on July 8th, 
1941; 12 specimens on August 20th, 1941; 11 specimens on June 15th, 
1942; 14 on June 17th, 1942. In very many samples I found from 5 to 
10 specimens, but I did not keep a constant record of this. The occur- 
rence of Pholoé larvae in the plankton tallies with the appearance of 
very young individuals on the shells of oysters in the summer season. It 
is the more surprising to learn that THoRson (1946) during 4 years of 
plankton investigations in the Sound, did not collect larvae which 
could be referred to the species Pholoé minuta, though this worm abound- 
ed on the soft bottom in the Sound. THorson did frequently find small 
bottom stages of 1144 4 2 mm in July and August, and concluded that 
Pholoé minuta apparently reproduces without any pelagic larval stage in 
the Sound. I feel sure that THorson did not overlook the easily recog- 
nizable larvae of Pholoé in his plankton samples. Could it be that 
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Pholoé, like so many other species of invertebrates, does not produce 
planktonic larvae in the colder northern waters ? Though not far apart, 
the Sound is somewhat colder than the Basin of the Oosterschelde. Or 
do the Pholoé of the Sound, living there on a soft bottom, belong to 


Fig. 4. Pholoé minuta Fasricius; a. head, dorsal view; b. elytrum; c. neuroseta; 
d. notoseta; e. parapodium 


another subspecies, with a way of reproduction, different from those 
living on the shells of oysters in the Oosterschelde ? 
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Phyllodocidae: 

Phyllodoce maculata (L.) 

This lively and lithe Polychaete worm, with its leaflike appendages and 
its conspicuous rows of dark pigment spots, is common along the 
Dutch coast. Horst (1884) found it at Wemeldinge. The Leyden 
Museum possesses several specimens from different localities?. 

I often found it in the Oosterschelde in samples of bottom material 
rich in shell debris. I also found it rather frequently on oysters. I do not 
believe, however, that Phyllodoce shows a preference for this special 
habitat, and am inclined to consider it as an occasional visitor rather 
than as typical of the oyster’s epifauna. 

The occurrence of Phyllodoce on my experimental oysters can be 
summarized as follows: 


Year Opis : Maximum number 
born in 

Oat 1940 1 per 17 oysters 
1941 1939 1 per 10 oysters 
1942 194] 1 per 15 oysters 
1942 1940 1 per 5 oysters 
1943 1942 1 per 50 oysters 
1943 1941 1 per 5 oysters 
1944 1943 1 per 25 oysters 
1945 | 1944 very few only 


I recorded young individuals from 9/6 - 8/7, 1942 and on 8/6, 1943. 
Data in the literature (c.f. THorson 1946) indicate that Phylodoce breeds 
in spring. Could it be that Phyllodoce is so scarce on my oysters because 
I did not put out the trays at Yerseke before May? I do not believe so, 
for oysters which remained all year on the plots of our oystermen did 
not have any more Phyllodoce than my experimental oysters did. Appar- 
ently Phyllodoce is not characteristic of the epifauna of the oyster’s shell. 


Eulalia viridis (MULLER). 


This worm with its conspicuous colour, often of a brilliant moss-green, 
sometimes of a duller shade or even brown, which attains fairly large 
dimensions, is common along the Dutch coast. Horst (1884) found it at 
Wemeldinge. Many other specimens have been collected since in many 
a locality (Horst, 1896). It was once collected on the shell of an oyster 
in the Northern part of the Zuiderzee (Horst, 1920). LELoup (1940) 


* Mr P. H. Creutzserc has been so kind as to provide me with a list of the 
Dutch Polychaete worms present in the Leyden Museum of Natural History. 
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found it in the Bassin de Chasse at Ostend. It is said to breed from 
January to July inclusive (c.f. THorson, 1946). 

I sometimes found it in samples of bottom material rich in shell 
debris. It turned up rather frequently in my samples of oysters. It 
usually hides between the scales of the flat valve. Surprisingly large 
specimens may find shelter there. Eulalia viridis, though not rare on 
oysters, can hardly be reckoned among the typical representatives of 
the epifauna of the oyster: 


Year Oysters born in Occurrence Maximum numbers 
194] 1940 repeatedly 1 per 10 oysters 
1941 1939 repeatedly 1 per 12 oysters 
SHY 194] very few 1 per 17 oysters 
1942 1940 occasionally 1 per 5 oysters 
1943 Iga oY few 1 per 50 oysters 
1943 1941] few 1 per 25 oysters 
1944 1943 one seen only 

1945 1944 few 1 per 17 oysters 


On full grown oysters taken from the plots I sometimes found higher 
figures. The maximum is: p. 360, 2-10-1940, 3 per oyster. Less frequent, 
but still worth mentioning was the occurrence of Eulalia viridis on 
samples of oysters from: 


p. 835 Ouwerkerk 24-4-1941 
p. 417 Oosterschelde 8-5-1941 
p. 37c Grevelingen April 1941 
Tray in the station Flauwers 
near Zierikzee 18-10-1940 


20 per 10 oysters 
11 per 10 oysters 
14 per 10 oysters 


1 per 5 oysters 


The possibility remains that my experimental oysters would have 
shown a larger number of Eulalia if my trays had been kept all the year 
at the station ‘‘Kijk-uit’’, Yerseke. From November until May I kept 
the trays with my 2-years old oysters in an oyster basin at Bergen op 
Zoom, on account of winter risk caused by occasional piling up of ice 
floes at Yerseke. 


Eulalia sanguinea (ORSTED). 
This species is generally considered as rare in Dutch waters (Horst, 
1896). The Leyden Museum possesses only 2 Dutch specimens from an 
unknown locality. DE Vos (1936) found it twice in samples taken in the 
Zuiderzee. 

On my oysters this small and slender worm, with its light nearly 
transparent pink colour, its glowing yellow eyes, and its quick “‘ner- 
vous” movements, appeared to be more numerous than the bigger Eula- 
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lia viridis. As juvenile specimens prevailed in June and July, I am in- 
clined to conclude that this species breeds in early summer, at least in 
the Oosterschelde district. 


Period of increase in numbers 
Year ee and predominance of Maximum number 
ae juvenile specimens 

194] 1940 10/7 1 per 5 oysters 
1941 1939 4/7—31]7 1 per 3 oysters 
1942 1941 mid-June—early in July 1 per 3 oysters 
1942 1940 22 /6—20/7 1 per oyster 
1943 1942 few in early summer, light 

increase late in August 1 per 5 oysters 
1943 1941 8/6—29/6 1 per 2 oysters 
1944 1943 early in July 1 per 10 oysters 
1945 1944 late in June 1 per 5 oysters 


I also found it on large oysters taken from the plots of the oystermen, e. g. 


417 = 21-10-1940 1 per oyster 
338 24-10-1940 1 per oyster 
24 4- 4-1941 1 per oyster 
491 25- 4-1941 1 per oyster 
210 5-12-1940 3 per oyster 
173 7-10-1940 1 per oyster 
143 22- 7-1941 2 per oyster 


VU VU DY 


Evidently Eulalia sanguinea should be reckoned among the regular 
inhabitants of the oyster’s shell. It can be found there all the year 
round and more frequently on larger oysters on the beds than on my 
experimental oysters kept in trays. The greater surface area of the 
commercial oysters (+ 100 cm?) should however be taken into con- 
sideration. 

Though I often found one specimen of Eulalia sanguinea per oyster, I 
do not know whether or not this species is predatory on other members 
of the oyster’s epifauna. I could not obtain the slightest indication that 
Eulalia sanguinea depends in any way on the living tissues of the oyster. 


Eteone longa (FABRICIUS). 


The Leyden Museum of Natural History possesses several specimens of 
Eteone longa collected on the Dutch coast. It has been found €.¢/ ini the 
Dutch Waddenzee and in the former Zuiderzee (DE Vos, 1936) 
LELoup (1940) found it at Ostend in the Bassin de Chasse. 

I collected a few specimens in the Oosterschelde: 


. 
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I specimen, 18-11-1940 in bottom material from the Zandkreek 


(Katsche Gat). Further on my experimental oysters: 
Year Oysters born in Period Number ji 
194] 1940 July 4 1 specimen only 
194] 1939 August 25 1 specimen only 
O42 1940 July 14 1 specimen only 


And none in my other series. 

Eteone longa evidently occurs only occasionally on oysters. I never 
found it on samples of commercial oysters taken from the plots. From 
this it may be deduced that its early season of reproduction (c.f. THor- 
SON, 1946) is not the cause of its scarcity on my experimental oysters. 


Eteone picta QUATREFAGES (fig. 5). 


Horst (1896) stated that he found Eteone picta on oysters in the Ooster- 
schelde. Later (1919) he mentioned the finding of this species in the 
Sloe (Zealand). As Horst expressed some doubt about his own iden- 
tification and never mentioned the occurrence of Eteone longa in Dutch 
waters, I inquired whether his specimens had been preserved. This 
appeared to be the case, so that I was able to check Horst’s iden- 
tification. His specimens appeared to belong indeed to Eteone picta and 
not to Eteone longa. Eteone picta has also been collected in the Waddenzee 
in recent years (DE Vos, in litt.). 

In my plankton samples I came across the larvae of Eteone picta, 
easily recognisable by the lemon-yellow ovoidal anal cirri. I recorded 
e.g. 6 specimens in 100 liters of water taken in the Oosterschelde on 
June 17th, 1942, and another specimen on June 19th, 1942. 

On my experimental oysters I occasionally found Eteone picta, crawl- 
ing around on the shell: 


Year Oysters born in Period Number 
1941 1940 July and October few only 

1941 1939 throughout the year 1 per 50 oysters 
1942 1941. October 26 1 per 50 oysters 
1943 DA? September a few 

1943 194] occasionally a few 


And none in my other series. . 
I found more specimens of Eteone picta en oysters kept in trays in 


other stations: 
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Station Flauwers (near Zierikzee) 18-10-1940 1 per oyster 


Station 551, Oosterschelde 21-11-1940 1 per 4 oysters 
Station Zandkreek, Katsche Gat 19-10-1940 1 per 3 oysters 
Station Stavenisse 7-10-1940 1 per 4 oysters 


_ y 


e 
d 
Fig. 5. Eleone picta QUATREFAGES; a. head, dorsal view; b. teeth proboscis; c. spini- 


gerous seta; d. parapodium; e. anal cirri 


I also collected a specimen in bottom material from the Zandkreek 
(Katsche Gat). 


The year 1940 seems to have been an exceptionally good year for 
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Eteone prcta. In the station ‘‘Kijk-uit’’, Yerseke I found in that year 
about I specimen per 5 oysters during my preliminary survey of the 
oyster’s epifauna. Remarkable is its rather frequent occurrence in the 
boxes with wire netting of different numbers of meshes per inch 
(table III). 

Both the latter observation and my finding the larvae in plankton 
samples indicate that Eteone picta breeds in summer. 


Hesionidae: 

Magalia perarmata Marion & Bosratsky. 

Only once did I find a specimen of Magalia perarmata, viz. on August 
goth, 1943. I found it on the shell of an oyster born in 1941, kept on a 
tray at Yerseke from May-October 1942, and then in a tray in the 
oyster-basin at Bergen op Zoom from October 1942 till August 23rd, 
1943. On that day the tray with oysters was transferred to the station 
““Kiyk-uit’’, Yerseke to replenish my then nearly exhausted stock of 2 
years old oysters in that station (c.f. table [X). 

The specimen, like most of the Polychaetes collected by me, has been 
preserved for future reference. As far as I am aware, it is the first 
Magalia perarmata collected on the Dutch coast. Though the possi- 
bility remains that this species, not yet recorded from the North Sea, 
has been imported with oysters from Brittany, the specimen collected 
was born in the Oosterschelde, as it was found in 1943 on oysters born 
in 1941, and no Brittany oysters were imported after May 1940. 


Syllidae: 

Syllis gracilis GRUBE (fig. 6). 

This small Syllid worm, with its peculiar beaded cirri and antennae, 
has been found on the shell of an oyster taken from a regular plot 
(p. 338) on October roth, 1940. It has not been recorded before from 
the Dutch coast, and I did not find it again. It has possibly been 
brought here with oysters from Brittany. 


Exogone gemmifera PAGENSTECHER. 

Of this species too but one single specimen has been collected during 
my investigations. Like the two preceding species it had not yet been 
recorded from the Dutch coast. We should, however, not attach too 
much value to this fact, since the Polychaete worms, though highly 
interesting from a biological point of view, received surprisingly little 
attention from the Dutch biologists up to this time. I collected my 
specimen on June 15th, 1943, on an oyster born in 1942, of my regular 
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series at Yerseke. For reasons explained above this specimen has no 
doubt been born in the Dutch waters, though the possibility cannot be 
excluded that its forefathers once were imported with oysters from 
Brittany or Arcachon. It is remarkable, however, that I have never 


Fig. 6. Syllis gracilis Gruse; a. head, dorsal view; b. hook, middle part of body; 
c. composite hook, anterior part of body , 


seen it in years in which fair numbers of French oysters have been relaid 
in the Oosterschelde. Moreover Exogone gemmifera is not a typical 
southern species. 

The specimen concerned was about 2 mm long, possessed 24 seg- 
ments, and carried several large eggs of a conspicuous purple colour. 
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One egg was attached ventrally to each parapodium, so that there 
were 2 per segment. Both dorsal and ventral cirri are very small in this 
species, which rendered the eggs the more conspicuous. 

THORSON (1946) informs us that Exogone gemmifera is rather common 
in the Sound (Denmark). He collected a female specimen bearing eggs 
in one of his bottle collectors early in July 1941, which tallies with my 
observation. . 


Autolytus cornutus Acassiz. (fig. 7). 


~ On April 4th, 1941, I found on the shells of large oysters taken from 
plot 524 Oosterschelde 2 specimens of an Autolutus which could not be 
identified with Fauvel’s ‘‘Polychétes errantes”’ (1923). Both individuals 
measure 7 to 8 mm, and show a fairly dark diffuse brown pigmentation. 
Behind the head follow 14 setigerous segments, next comes a second 
head, slightly protruding, followed by 32 and 35 more setigerous 
segments in my two specimens. The prostomium is rounded. The 
median antenna is twice as long as the paired antennae, which are 
smooth and set between the foremost eyes. The palps protrude slightly. 
There are 4 eyes bearing a crystalline lens and 2 small eye-spots in 
front of them. The retracted proboscis is S-shaped. The dentition con- 
sist of a “‘trepan” bearing 16 teeth of equal length, but alternately 
broader and narrower. The proventriculum (gizzard) is ovoidal, 
smooth, and placed in the segments 3 and 4. The dorsal peristomial 
cirri are somewhat shorter than the paired prostomial antennae. The 
ventral peristomial cirri are short. The dorsal cirri of the first setigerous 
segment are very long, about 34 of the length of the median antenna. 
The dorsal cirri of the other segments are short and of equal size and 
shape. There are 2 short anal cirri. The composite hooks have a broad 
appendage, distally bidentate. The parapodia bear several spinigerous 
setae. 

Oxapa’s paper (1933a) made it clear to me that my Autolytus belongs 
to the species A. cornutus Acassiz. OKADA claims that this is an 
American species, recently introduced in the Plymouth area, and prob- 
ably transported attached to Hydroids on a ship’s bottom. Oxapa did 
not find this species during his investigations at Plymouth in June 
1927. In June 1929 it appeared to abound there, especially on Lamina- 
ria covered with the Hydroid Obelia. Of one species of Autolytus it has 
been observed that they feed on Hydroids (Oxapa 1928). Therefore 
transportation on the Hydroids of a ship’s bottom is assumed. 

If it is true that Autolytus cornutus has been introduced at Plymouth 
between 1927 and 1929, and the fact that neither FAuvEL nor other 
authors mentioned this species for the Europian waters supports this 
view, we can add that it has reached the continent now. 
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Apart from the individuals mentioned above, I came across several 
other specimens of Autolvtus cornutus. From my experimental oysters the 
following individuals have been recorded: 


| 
d 


Fig. 7. Autolytus cornutus AGassiz; a. anterior part, dorsal view; b. trepan; c. teeth 
greatly enlarged; d. composite falcigerous seta; e. composite spinigerous seta : 
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Year. eb Period 
orn in 
1941 1939 29/0, 47, LOM) 7..2378 
1942 1941 30/6 (2), 8:7 (2), 20/7 (3) 
1942 1940 8/7, 14/7, 20/7 
1943 1941 25/6, 21/6 (2) 
And none on other series. 
On oysters from the plots I found it: 
p. 524 4-4-194] 2 on 25 oysters 
p- 491 25-4-1941 1 specimen 


p. 37c Grevelingen April 1941 1 specimen 


Though Obelia is a common species in the Oosterschelde, I did not 
find it on my experimental oysters. I therefore doubt whether my 
specimens could have lived on a diet of Obelia. No other Hydroids oc- 
curred in appreciable numbers on my oysters during the time I found 
Autolytus cornutus. 


Autolytus aurantiacus (CLAPAREDE) (fig. 8). 

Even during my 1940 preliminary survey of the oyster’s epifauna I 
frequently met a species of Autolytus which was difficult to identify. I 
learned later that this species is so abundant on oysters in the Ooster- 
schelde, that it can be reckoned among the characteristic inhabitants 
of this special habitat. I never found it elsewhere. 

As the material collected by me did not seem to be identical with any 
of the members of the genus Autolytus listed by FAuveEL (1923), I in- 
voked the assistance of this famous specialist. Professor FAuvEL kindly 
drew my attention to the great resemblance to Autolytus aurantiacus 
(CLAPAREDE). There were differences, however. I always counted from 
30 to 45 setigerous segments, even in the individuals bearing stolons. A. 
aurantiacus should possess 60 — 100 segments. Mine always had 22 — 24 
teeth on the “‘trepan’’. A aurantiacus should have 16 — 20 teeth. I ob- 
served a very peculiar sequence in the length of the dorsal cirri, not 
mentioned in A. aurantiacus. Moreover my specimens were invariably 
collected on the shells of oysters, a habitat not mentioned for A. auran- 
tiacus. | was therefore on the point of describing my material as a new 
species. Doubt arose when Prof. Fauve informed me that the number 
of segments may vary greatly with size and age of the animals. My 
specimens rarely reached 12 mm, while 20 mm is given for A. auran- 
tiacus. I was also informed that the number of teeth is not strictly con- 
stant and may show a variation of 3 or 4. When I found then an in- 
dividual of 15 mm long with 68 segments, and found that the number 
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cf teeth was not always 23 or 24, but could be as low as 20, and that 
every third tooth is somewhat stouter, I was inclined to agree that my 
material belonged to the species A. aurantiacus (CLAPAREDE), and at 
most represented a geographical or biological race. 

It is desirable to give here a detailed description of my material: 
Body slender, with 30 to 45 setigerous segments in individuals of about 
10 mm long. A specimen of 15 mm had 68 segments. Prostomium 
round, broader than long, with 4 large eyes, bearing a crystalline lens, 
and placed trapezium-wise. Sometimes 2 additional eye-spots. Median 
antenna, set between the foremost eyes, twice as long as the paired 
prostomial antennae. Palps slightly protruding, clearly visible. Re- 
tracted proboscis crowned with a “‘trepan” bearing 20 — 24 teeth of 
equal length, every third tooth somewhat broader than the others (c.f. 
FAUVEL 1923, fig. 120c, p. 313). Proventriculum (gizzard) ovoidal, 
bearing about 40 rows of points, situated in the segments 8— 11. Dorsal 
peristomial cirri as long as the paired prostomial antennae. Ventral 
peristomial cirri shorter. Antennae and cirri bearing minute spines, 
barely visible. Dorsal cirriof the first setigerous segment at least as long 
as the median prostomial antenna. Dorsal cirri of the second setigerous 
segment somewhat shorter than the paired prostomial antennae. Dor- 
sal cirri ot the 3" setigerous segment about half as long as those of the 
ond, Those of the 4%, 6th, git, rt, rgth, y5th, 17th, roth, o1st, ggrd, goth, 
27th, goth, g18t, 34th, goth setigerous segment of about equal lengt with 
those of the 24 setigerous segment. Dorsal cirri of the 374,5th, 7th, 8th, 
roth, roth, r4th, 76th, 18th, goth, gond, gyth, o6th, g8th, goth, gond gerd 
setigerous segment of about equal length, and halfas long as the above- 
mentioned cirri. Cylindrical cirrophores. 2 long anal cirri. Composite 
falcigerous setae distally bidentate. The posterior segments possess one 
finely pointed spinigerous seta. 

Most of the individuals collected measured about 5 to 10 mm. 

Colour pale pinkish, sometimes with light red spots, as described for 
A. aurantiacus. Polybostrichus: first 3 segments with composite setae only, 
followed by 19 segments with additional swimming birstles. Colour a 
conspicuous blueish green. 

Sacconereis: Median antenna only slightly longer than the paired 
antennae. 2 Peristomial cirri. Dorsal cirri of gradually diminishing 
length from head to tail. 2 long anal cirri. The first 2 setigerous seg- 
ments with composite setae only, followed by 17 segments of which all 
but the last bear additional swimming bristles. Body crammed with 
eggs from head to tail. Colour pale pinkish. 

The occurrence of Autolytus aurantiacus on my experimental oysters 
can be summarized as follows: 
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Year Oysters born in erg era elas Maximum number 
194] 1940 10/7 I per 2 oysters 
194] IGE 25/6 — 4/7 1 per oyster 
1942 194] 16/6 — 14/7 1 per 2 oysters 
1942 1940 22/6 — 20/7 1 per oyster 
1943 1942 8/6 — 30/6 1 per 2 oysters 
1943 1941 15/6 — 29/6 2 per oyster 
1944 1943 22/6 — 28/6 1 per oyster 
1945 1944 25/6 I per 2 oysters 


It also occurred in other stations: 


a) On oysters kept in trays: 
pia2! 25- 9-1940 2 per oyster. Polybostrichus and Sacconereis present 
Stavenisse 7-10-1940 1 per oyster 
Dortsman 7-10-1940 1 per 2 oyster 
(ds DO! 21-10-1940 2 per oyster. Polybostrichus numerous 
p. 421 22- 7-1941 6 per oyster (oysters born in 1941 and bearing many 
barnacles) 
Zandkreek 23- 8-1941 1 per oyster 
b) On commercial oysters taken from the plots: 
joe Zag 25- 4-1941 1 per oyster 
p- 143 22- 7-1941 1 per oyster 
p- 200 14- 8-1941 2 per oyster 


I never found this Awtolytus on tile collectors cr in samples of bottom 
material. This does not exclude its presence in other special habitats, 
not closely investigated by me. 

Mature stolons have often been observed, especially on June 15%, 
1943. Sacconereis stolons were numerous. Even while still attached to the 
crawling adult, the stolons may start swimming. Also in plankton 
samples I often encountered the Polybostrichus and Sacconereis stolons of 
this Autolytus. I recorded them on June 23", 1943 and July rit, 1941. 

From this and from my tables it can be deduced that Awtolytus 
aurantiacus reproduces especially in the month of June. Individuals 
bearing Polybostrichus stolons have been observed in other months too 
(September, October). 

It would be interesting to know why Autolptus aurantiacus shows such 
a marked preference for the habitat under consideration. If observed 
in vitro it often makes a thin hyaline tube, attached horizontally to the 
glass wall close to the meniscus. It can stay there for many days without 
food. Similar hyaline tubes are also made on the shells of the oyster, 
both on the cupped and on the flat valve. 

Tiny oyster spat or oysters of which part of the mantle tissue had 
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been exposed, failed to attract the attention of Autolytus. Living bar- 
nacles did not interest them either. Prolongued fasting did not change 
its behaviour towards oysters or barnacles. The finding of a very great 


b 


Fig. 8 A. Autolytus aurantiacus (CLAPAREDE); a. anteriorpart. dorsal view; b. composite 
falcigerous seta; c. parapodium; d. adult individual with stolons 


number of Awtolytus on the oysters covered with barnacles in the tray on 
plot 421, suggested that Awtolytus might be interested in them. 

Oxapa (1928) described in detail the feeding behaviour of Autolytus 
Edwardsi Sv. Josepu. This species appeared to feed on the hydranths 
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of Obelia. After several days of fasting Autolytus attacked the hydroid 
very eagerly, which gave Oxapa the opportunity of studying its feeding 
behaviour in detail. He observed that the nematocysts of the Hydroid 


Imm 


Fig. 8 B. e. female stolon(Sacconereis) ; £. male stolon (Polybostrichus) 


apparently did not hurt Autolytus Edwardsi; it just shakes its head and 
frees itself without any apparent injury. 

Hydroids were so scarce on my oysters (as can be seen in the tables) 
that I can hardly believe that Autolytus aurantiacus feeds on Hydroids. 
Could it be that the polyps of Aurelia aurita, often so numerous on my 
oysters, are attacked by Autolytus? In the laboratory Autolytus did not 
show any interest in the polyps of Aurelia, not even after prolonged 
fasting, or in the dark. If it touches the polyps accidentally, and the 
latter defend themselves with their nematocysts, Autolytus shrinks back 
and proceeds on its way without apparent injury. Oysters bearing 
many polyps of Aurelia, usually bear the normal number of Autolytus. 

It is still a mystery to me what Autolytus aurantiacus eats. Hydroids 
being rare on my oysters, and polyps of Aurelia apparently not attractive 
to it, could it be that the Bryozoan Barentzia gracilis, sometimes present 
in appreciable numbers, forms its food? I doubt it. 

It is remarkable that the occurrence of several species of Autolytus on 
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oysters has been recorded by other authors. FauvEL (1923) mentions 
the finding of A. megodon Sr. JosEPH on old oyster shells near Dinard 
(Brittany), and of A. paradoxus St. JosePH on oysters dredged in the 
Channel and Straits of Dover. Autolytus aurantiacus has been found as far 
North as Dunkirk, but oysters are not mentioned in this connection. 
Oxapa (1933b) described A. purpureimaculatus found on living specimens 
of Ostrea gigas THUNBERG. OKADA speaks of its semiparasitic mode of 
life. Upon my request Oxapa informed me, however, that he had not 
the slightest proof that A. purpureimaculatus really lives parasitically on 
the oyster: “‘I must confess that I have no concrete knowledge about 
its biological habits, beyond that the animals are easily obtained, any 
time of the warmer season, by placing fresh, recently collected oysters 
into a large wooden or porcelain vessel filled with ordinary sea water. 
Waiting then for several hours, sometimes half a day, the Autolytus 
begins to creep about on the shell of the oyster. I do not know where 
they come from. The Autolytus must live somewhere outside the shells. 
Since, however, they are always closely associated with living oysters, 
I suppose that they live on the latter, perhaps sometimes enter the 
mantle cavity and suck nutritive fluids there’. (OKADA, 1941, in litt.). 

If that is proof enough, I have just as much right to assume a semi- 
pararsitic style of living for many of the animals I found on the shells of 
living oysters. They are associated with living oysters, and I do not 
know what they eat. I never observed one entering the oyster’s mantle 
cavity to feed, however. Only after a prolongued sojourn out of water 
some Polychaete worms (especially Eulalia viridis and Nereis succinea) 
may crawl in between the slightly gaping shells of the oyster, probably 
in search of moisture. 

I assume that Oxapa’s Autolytus purpureimaculatus lives hidden be- 
tween the scales of the flat valve of his oysters, as so many creatures do 
on the shells of our Ostrea edulis. Either by lifting the scales under water, 
or by placing the oyster in a little sea water until the oxygen supply 
becomes exhausted, we may find these interesting creatures, about 
which we still know so little. 


Nereidae: 
Nereis diversicolor O.F. MULueEr. 


This fairly large worm is common along the Dutch coast. Since Horst 
(1884) found a specimen in the mud of the Bergen op Zoom harbour, a 
great many others have been collected, especially in the Waddenzee 
and in the Zealand streams. Horsr himself (1896, 1922) labelled this 
species as “‘not rare’. LELoup (1940) records its occurrence in the 
Bassin de Chasse at Ostend. It is a very euryhaline species, which 
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usually lives in deposits rich in mud. I collected several specimens in 
and near the tidal basin at the station ‘‘Kijk-uit’”’, Yerseke (e.g. 20-11- 
1940). Though it abounded in this station I never found one on the 
shells of my experimental oysters there. 

Only once did I find a small specimen of Nereis diversicolor on an 
oyster: p. 551, 21-10-1940. The species apparently does not like that 
habitat. In samples of bottom material, on the other hand, I often en- 
countered Nereis diversicolor. The soft mud of the Katsche Gat, Zand- 
kreek, appeared to be especially rich in this species (18-11-1940). 


Nereis succinea (LEUCKART). 


This worm, easily recognizable by the leaflike enlarged dorsal lobes of 
its posterior segments, was considered rare on the Dutch coast by 
Horst (1896). Later (1922), he found it rather frequently in samples 
taken in the former Zuiderzee. The Leyden Museum possesses many 
specimens collected in the Zuiderzee in August 1905. Recently it has 
been found in many bottom samples taken in the Waddenzee (DE Vos, 
in litt.). LELoup (1940) collected it in the Bassin de Chasse at Ostend. 

Though the normal habitat of Nereis succinea is said to be a sandy 
mud, in which I collected it on several occasions (Kattendijke 25-10- 
1940; p. 188 3-12-1940; Bergen op Zoom 29-11-1940), small specimens 
live occasionally on the shells of oysters. From the following summary 
drawn from the tables, it can be concluded that Nereis succinea is not 
very common on my experimental oysters: 


Veur Oysters Period of increase Nias oe eee 
born in in numbers 

194] 1940 July, mid-August 1 per 3 oysters 
194] 1939 mid-July, mid-August 1 per 4 oysters 
1942 194] very few 

1oZZ 1940 July 22nd 2 specimens only 
1943 1942 late summer few only 

1943 194] late summer very few 

1944 1943 August few only 

INS/A8S) 1944 not seen 


On trays with oysters placed in other stations I found it too, especially 
in the year 1941, which seems to have been a good year for Nereis 


succinea: 


Flauwers (near Zierikzee) . . . . 18-10-1940 2 per 25 oysters 
Zandkreek (Katsche Gat) . . . . 19-10-1940 3 per 25 oysters 
(De Gel ee ee ee al Ome re ORO StexLs 


9- 8-1941 3 per 25 oysters 
Bergen op Zoom, oyster basin . . 20- 8-1941 5 per 25 oysters 
Yerseke, Harden Hoek, tidal basin 21- 8-1941 5 per 25 oysters 
Kattendijke, tidal basin. . . . . 15- 8-1941 8 per 25 oysters 
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I also found it on oysters taken from the plots of the oystermen: 


He 200. 2 gee te ete ee ren 25 oysters 
pi 242 a eae EO OO ces ste 
pi 388. nk ew ee ne Se BON S40 I oy stews 
pe 524 gy ww we Tew eee oy | Sea 4) per oysters 
p. 835 Ouwerkerk . . .. .. . 24-4-1941 2 per 25 oysters 
p- 467~. 2 6 2 er wt a ee, B2sTIR1940 Sper ZO oysters 
p 252 2 oe ae a TOTO Zeer oysters 


I also found some in the boxes with wire netting placed at the station 
Yerseke in the year 1940 (table III). 

Though it cannot be claimed that Nereis succinea is characteristic for 
the epifauna of the oyster’s shell, its occurrence is too frequent to call 
it just an incidental visitor. 


Nereis virens (SARS). 

This giant among the Dutch Polychaete worms attracts attention by 
its swarming. Many then leave their burrows simultaneously and swim 
about, displaying their beautiful metallic colours in which green do- 
minates. It has been found in several places along the Dutch coast, 
especially in Zealand and in the Waddenzee. LELourp (1940) found it 
at Ostend. 

It occurs in great numbers in the bottom deposits rich in stones and 
debris in the tidal basin at the station “‘Kijk-uit’”’, Yerseke. Local 
fishermen sometimes dig it for bait. In bottom material from p. 188 I 
found a specimen of 12 mm only (3-12-1940). It is my impression that 
Nereis virens likes places rich in stones and avoids pure clean mud. 

I never found young individuals on oysters. The swarming of this big 
Nereis is a conspicuous phenomenon. There are indications that swarm- 
ing takes place at spring tide in April (KorRINGA 1947). I witnessed 
its swarming at Tholen during the new moon spring tide of April 1946. 
Several other individuals have been collected at spring tides in April, 
but not exclusively during the new moon spring tides. Though it lives 
close at hand, and is both large and conspicuous, we know far less 
about its swarming rhythm than we do about swarming in the Palolo 
worm of the Pacific. 


Nereis longissima (JOHNSTON). 


This species has been collected in several stations along the Dutch 
coast. Horsr (1884, 1896) classed it as ‘“‘not rare’. It has repeatedly 
been washed ashore between Den Helder and Scheveningen (Leyden 
Museum). Several specimens have been collected recently in the Wad- 


denzee (De Vos, in litt.). LELoup found it in the Bassin de Chasse at 
Ostend. 
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Fig. 9. Perinereis cultifera (GRUBE); a. head, proboscis extruded, dorsal view; b. com- 
posite hook; c. anterior parapodium; d. posterior parapodium 
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I found a small specimen of WVereis longissima on the shell of a living 
oyster taken from a regular plot (p. 230 Hammen, near Zierikzee) on 
October 7%, 1940. Recently (20-1-1950) I came across another speci- 
men, measuring 20 mm, on the shell of an oyster from the Yerseke 


Bank, Oosterschelde. 


Perinerets cultrifera (GRUBE) (fig. Q) 

One single specimen, measuring 29 mm, has been collected by me on 
tile-collectors near Wemeldinge (25-10-1940). I know of no other 
Dutch records. 


Platynereis Dumerilii (Aupouin & M. Epwarps) (fig. 10). 
Horst (1884, 1896, 1922) claimed that Platynereis Dumerilit was rare in 
Dutch waters. It has been found in the Oosterschelde and once in the 
Northern part of the Zuiderzee. Only a few specimens have been 
collected since (washed ahore at Texel; Leyden Museum). FERRO- 
NIERES (1901) found Platynereis in oyster parks at Le Croisic. GRAVIER 
(tg00)claims that Platynereis Dumerilii has been found in oysters, and 
therefore classifies this species as a temporary commensal. I doubt, 
however, whether the specimens studied by GRAVIER were really col- 
lected inside the oyster’s shell, and not from the shell’s exterior surface. 
Occasionally I found Platynereis Dumeriliion my experimental oysters: 


Year Oysters born in Period Abundance 
| 

1941 1940 October; November regularly 
1941 1939 August—October few only 

1942 1941 October very few 

Noa 1940 late in September very few 

1943 1942 September; October regularly 
1943 194] September) October occasionally 
1944 1943 very few only 
1945 1944 very few only 


I also found this species on oysters taken from the plots: 


338 24-10-1940 2 per 10 oysters 
524 4-4-1941 10 per 25 oysters 
210 5-12-1940 4 per 10 oysters 
173 7-10-1940 7 per 25 oysters 
339 7-10-1940 —‘:10 per 25 one-year old oysters 


DUD DD 


I found them also on oysters kept in trays other than my regular 
Series: 


p- 551 21-10-1940 3 per 25 oysters 
Yerseke 10-10-1940 10 per 50 oysters 
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Moreover it occurred fairly frequently in the boxes with wire gauze, 
placed at Yerseke in the year 1940 (table III). 


PSS g 


Fig. 10. Platynereis Dumerilu (Aupourn & M. Epwarps); a. head, dorsal view; b. 
teeth, group IV proboscis; c. homogomph falcigerous neuroseta posterior segments; 
d. heterogomph falcigerous notoseta; e. posterior parapodium; f. anterior parapodium 


New individuals of this species apparently made their appearence 
in September and October. Did they come from the plankton ? 
HEMPELMANN (1911) demonstrated that Platynereis Dumerilic may 
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produce both ‘“‘neridogene”’ and “‘planktogene”’ larvae, the latter from 
epitocous parents. THorson (1946) never found Platynereis larvae in 
his plankton samples, though adult specimens abound in the Sound. He 
assumes that only ‘‘neridogene”’ larvae are produced there. As I cannot 
remember ever having seen a larva of Platynereis in my plankton 
samples, and as the new individuals found on my oysters are not always 
very small ones, I am inclined to support THorson’s assumptions. My 
data suggest that oysters from the plots may carry more individuals of 
Platynereis than those kept on trays, but the difference is not very signi- 
ficant, and the oysters taken from the plots usually had a larger surface 
area than those kept on trays. 

Platynereis Dumerilii can easily be kept in the laboratory, where it 
makes hyaline tubes to hide in against the glass walls of a jar. It would 
eat Ulvaand some other sea-weeds, and presumbaly should be reckoned 
among the herbivores. It usually has a beautiful colour: light green 
with violet chromatophores. 

I found very many and very large specimens on tile-collectors in the 
wintering pits near Yerseke (7-4-1943). In taking the tiles apart, many 
of the worm’s tubes, hidden by some accumulated mud, were rup- 
tured, which made it easy to collect the worms themselves. I also 
collected a great number among oysters and shells in the oyster-basin 
at Bergen op Zoom (8-6-1945). In the Oosterschelde it is not at all rare. 
Its importance as a member of the oyster’s epifauna is limited, however. 


Nephthydidae: 

Nephthys Hombergs Aupourn & M. Epwarbs. 

Nephiys Hombergi has been collected in the Oosterschelde by Horst 
(1884), and is common in many places along the Dutch coast (Horst 
1896, 1922). Many Dutch specimens are preserved in the Leyden 
Museum. It frequently turned up in bottom samples taken in recent 
years in the Waddenzee (DE Vos, in litt.). LeLoup records it from the 
Ostend Bassin de Chasse. 

I encountered it several times in the Oosterschelde, e.g. in samples of 
bottom material taken from the stations: ‘‘Kijk-uit”, Yerseke (6-10- 
1940); Pp. 551 (21-5-1941); p. 188 (3-12-1940). While wading on the 
oyster plots near the low water line, I occasionally caught a swimming 
Nephtys : p. 70 (13-5-1941), p. 98 (16-5-1941). I never found it on oysters. 


Aricudae: 

Scoloplos armiger (O. F. MULLER) 

This worm occurs in numbers in the superficial bottom layers at many 
places on the Dutch coast. Horsr (1896) calls it fairly common. He 
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later (1922) records it from the Sloe (Zealand) and collected the 
species near the Isle of Wieringen. DE Vos (1936) found some speci- 
mens in material collected in the Zuiderzee. Many specimens have 
been collected recently in the Waddenzee (DE Vos, in litt.). The Leyden 
Museum possesses many Dutch specimens. LELoup (1940) found it at 
Ostend. 

I often found it, sometimes in great numbers, in bottom samples 
taken in the Oosterschelde, e.g.: 


peso Salle oO eeraai 
pebole eerily Seeolas 194) 
Diab BSix. jen oof ede Os 2ef040 


““Kijk-uit’’, Yerseke 6-11-1940 

In early spring the green, gall-bladder like capsules containing the 
eggs of Scoloplos can be seen on the oyster plots close to low-water mark. 
Though these egg-capsules are not very large, our fishermen know 
them very well, a proof that they are fairly abundant. 

I once found a juvenile specimen of Scoloplos armiger on the shell of an 
oyster: 20-5-1941, Yerseke, ‘‘Kijk-uit”, on oysters born in 1939. This 
individual, living between the scales ofan oyster’s flat valve, had perforce 
to be satisfied with a very little bit of its natural habitat: a sandy mud. 


Spionidae: 

Polydora ciliata (JoHNsToN) (fig. 11). 

If the question is put which Annelid occurs in greatest numbers in the 
Dutch coastal waters, I am inclined to answer: Polydora ciliata. It is the 
more surprising that Horsr (1884) did not mention it from the Ooster- 
schelde. This must have been an omission, since it had already at- 
tracted BasTeR’s attention there (1759), and since Hoek (1902) found 
it so abundantly on the oyster beds of the Oosterschelde. It is no doubt 
very common on the Dutch coast (Horst 1896). It does not always live 
in shells and other calcaraous material, but also most abundantly in 
peat-bottoms (e.g. in the Waddenzee; DE Vos, in litt.). 

I found it frequently on my experimental oysters, practically ex- 
clusively between the scales of the flat valve’s prismatic layer. There it 
appeared to have constructed its burrows, in which I sometimes found 
its strings of egg-sacs. Extensive accumulations of mud, brought there 
by Polydora itself, surrounded the burrows in which the worm lived. 
Often Polydora extends its burrow beyond the scales of the oyster’s flat 
valve. That part of the burrow is not just a rough accumulation of mud 
with a hole inside, such as we found between the scales, but a neat 
round tube of a gray colour. This tube may be short or long. Under 
water, Polydora protrudes with its long, extensible palps from the end of 
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the tube in search for food, which it takes from the surrounding sea- 
water. Our knowledge of Polydora’s food collecting mechanism is still 
far from complete. We do not know the smallest size of particles it can 
catch, and how it does that. I assume that Polydora always tries to 
ensure good communication with the surrounding sea-water. If the 
position of its substratum (here an oyster) becomes unfavourable, Poly- 
dora can lengthen its tube considerably in an effort to reach open sea- 
water. Usually Polydora ciliata living between the scales of the oyster’s 
flat valve does not make a U-shaped burrow, but just follows the 
slightly curved line of attachment of those scales. 

The occurrence of Polydora ciliata on my experimental oysters can be 
summarized as follows: 


Period of increase in 
Year Oysters born in ieee oe ae Maximum number 
specimens 

194] 1940 16/6—24/7 1 per 2 oysters 
1941 O39 20/6-— 4/7 1 per oyster 
1942 1941 9/6-14, 7 1 per oyster 
1942 1940 9, 6— 8,7 1 per oyster 
1943 1942 2,6-29,6 1 per 2 oysters 
1943 194] 8, 6—-21,6 1 per oyster 
1944 1943 22/6 1 per 3 oysters 
1945 1944 HS 1 per oyster 


In many cases the number of Polydora encountered on the flat valve 
decreased noticeably later in the season (1941, 1942, c.f. the tables). 
Can it be, that sooner or later several of them fall victim to predatory 
Polychaetes living in the same habitat ? The mud-burrows between the 
scales of the oyster’s shell do not offer complete protection. 

From the data tabulated above it can be concluded that young 
Polydora settle down in great numbers in the month of June. Usually 
some individuals were found very soon after I placed my trays with 
oysters in the basin at Yerseke (last ten days of May), which indicates 
that reproduction of Polydora was already in full swing. This is in 
agreement with information on its season of reproduction at Kiel 
(April-October, with a maximum in July) and in the Sound (April- 
September; THORSON 1946). 

The larvae of Polydora ciliata are numerous in plankton samples 
taken in The Oosterschelde, especially in the month of June. Often 
from 30 to 70 Polydora larvae could be counted in 100 liters of water, 
which corresponds with about 250,000,000,000 larvae in the Bassin of 
the Oosterschelde. It is by far the most abundant Polychaete larva inthe 
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summer plankton of the Oosterschelde. The larvae are said to be very 
voracious and omnivorous, and the larger ones may feed on Lamelli- 
branch larvae too. Considering their abundance, it can be taken for 
granted, that they cause considerable losses among the oyster larvae. 

I also found Polydora ciliata between the scales of the flat valve of 
oysters taken from the regular plots: 


p. 835 Ouwerkerk 24- 4-1941 more than 100 per 25 oysters 
p. 467 . . . . . 22-11-1940 more than 100 per 25 oysters 


a b 


Fig. 11. Polydora in oyster shells. a. burrows of Polydora ciliata (JOHNSTON) in cupped 

valve of Ostrea edulis. Partly sealed off with circular patches of conchyolin; b. burrows 

and mud deposits of Polydora hoplura in cupped valve of Ostrea edulis , seen in trans- 
mitted light. One sealed off with large patch of conchyolin 


Usually, however, I counted only from 10 to 15 specimens per 25 large 
oysters. I also found it on oysters kept in trays in several stations in the 
Oosterschelde: 


is DO o o 5 a co ow eo OIE) 2 jae onus 
Flauwers, near Zierikzee 18-10-1940 60 per 25 oysters 
Zandkreek, Katsche Gat 23- 7-1941 1 per oyster 
Bergen op Zoom. . . . 20- 8-1941 1 per oyster 
Bergen op Zoom. . . . 22- 7-1942 1 per oyster 


It was moreover fairly numerous in the boxes with wire gauze used at 
Yerseke in the year 1940 (table III). In the boxes in which the gauze 
was of 40 or 50 meshes per inch, their number was not smaller than in 
those with coarser wire netting. Apparently Polydora larvae do not 
hesitate to crawl through narrow apertures. 


04 P. KORRINGA 


ScHoppuYN (1931) also mentions the occurrence of Polydora ciliata on 
oyster shells, where it usually lives in tubes between the scales of the 
flat valve. 

Only once did I come across a description of serious damage caused 
by Polydora living between the scales of the oyster’s flat valve: 
Letoup (1937, 1940) records serious losses among relaid Dutch oysters, 
caused by Polydora ciliata, in the Bassin de Chasse at Ostend. In this 
Basin with stagnant water Polydora ciliata is so abundant, that the bot- 
tom is really plastered with its tubes. This is an exceptional case. In 
places along the coast where considerable wave activity and strong 
currents prevail, the abundance of, and damage done by, Polydora to 
oysters and Littorina is very limited, according to LeLoup. ‘Tl semble 
que les larves des Polychétes perforateurs aient peu de chance de se 
fixer sur des coquilles constamment brassées par le flot.” In the Bassin 
de Chasse, where Polydora ciliata was so extremely numerous, many 
worms settled on the flat valves of the relaid oysters. The result was, 
that the oyster could not put on any growth on the edge of its flat valve. 
The cupped valve only, being free of Polydora, could produce a new 
shoot. As the edge of flat and cupped valve must fit together, the 
result was, according to LeLoup, that the oysters curled the edge of the 
cupped valve upwards, in an effort to join the flat valve, which could 
not be enlarged. Letoup adds that this finally caused the oyster’s death, 
as the new position of the shell aperture brought about a condition in 
which too much silt and debris, deposited by Polydora, found its way 
inbetween the oyster’s valves. 

Le.oup ascribes the failure of the flat valve to put on any growth to 
the burrowing action of Polydora, by which the calcareous layers of the 
shell finally become scaled off: ‘‘Ils desquament les couches calcaires et 
le bord de la valve devient tres friable. Comme Vhuitre ne parvient pas 
a réparer les dégats sans cesse renouvellées, la valve droite subit un 
arrét de croissance. Pendant ce temps la valve gauche bombée continue 
a s’accroitre et, dans sa tendence a rejoindre la valve opposée, que ne 
lui offre pas de résistance, se recourbe vers le haut.” 

I can add that the extreme edge of the oyster’s flat valve consists of the 
elastic prismatic layer. Only by adjusting the hard calcareous border of 
the cupped valve against this elastic material can the oyster obtain the 
the necessary perfect closure. As the newest scale of the prismatic layer 
is broadened, harder calcareous layers are deposited against its base. It 
can be assumed that too vigorous an action of a multitude of Polydora 
living between the scales of the prismatic layer, cause the crumbling 
away of this rather brittle material. If the oyster cannot keep pace with 
this process, it will be unable to enlarge its flat valve, as it lacks the 
support on which it should deposit its harder calcareous layers. It 
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seems possible that the flat valves of LELoup’s oysters not only failed to 
grow, but even decreased in diameter. As the scales crumble away or 
offer insufficient shelter because of overcrowding, Polydora may start to 
dig into the calcareous layers in an effort to obtain more shelter. If 
Polydora abounds as it did in the Bassin de Chasse, even the calcareous 
layers of the oyster’s flat valves may crumble away eventually. LELoup’s 
data are not sufficient to estimate to what extent this occurred at 
Ostend. 

I am inclined to assume that a steadily decreasing diameter of the 
oyster’s flat valve will more readily induce the oyster to curl up the 
edge of its cupped valve in an effort to make both shells meet normally, 
than just a lack of growth of the flat valve. I am not so sure that the 
new position of the oyster’s shell aperture (facing upwards), in com- 
bination with the deposition of silt and debris by Polydora, was the 
direct cause of the death of LELoup’s oysters. 


Peculiarly enough, Polydora ciliata is not always satisfied with making 
its long mud-burrows between the scales of the oyster’s flat valve. Some- 
times it starts digging into the calcareous parts of the oyster’s shell, 
especially in the cupped valve. SODERSTROM (1923) made it clear how 
Polydora manages to do so. It may start living in a tube parallel to the 
shell’s surface, and later begin to dig in it, in which both a secretion of 
some acid or other and a mechanical burrowing executed by strong 
stout bristles are said to participate. Polydora then creates a U-shaped 
burrow of which the part facing the surrounding seawater may be 
lengthened by shorter or longer cylindrical mud-tubes, protruding 
from the shell or from any other type of supports it lives in (e.g. lime- 
stone, peat-soil). Polydora’s occurrence in such different types of sub- 
stratum indicates that it burrows primarily for shelter, and has no 
parasitical relations with the living oyster. At most it can be considered 
as one of the oyster’s competitors for food. 

Others have noted this difference in the worm’s behaviour before, 
but there is insufficient evidence to support FERRONIERE’S (1901) and 
ScHoppuyn’s (1931) suggestions that there are two or more distinct 
races of Polydora ciliata, each with a different way of living. In fact all 
possible transitions may be found. Those living innocently in their 
mud-burrows between the scales of the oyster’s flat valve may some day 
or other start taking calcareous shell material away to deepen their 
burrow, and eventually may create a perfect U-shaped burrow, com- 
municating with the outer world through the usual soft lengthening 
tubes. In digging a burrow, Polydora makes but one hole, broader than 
wide, in which a separating wall is constructed out of debris to obtain 
the required U-shape (SODERsTROM 1923, Lamy & AnpRE 1937). Little 
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is known about the factors which may induce Polydora ciliata to leave 
its mud-burrows and to create a burrow in hard calcareous material. I 
explained above that a shortage of suitable shelter among the scales of 
the oyster’s flat valve, caused by overcrowding or by the gradual 
crumbling away of the scales, may force Polydora to dig into the calca- 
reous matter in search for a more adequate shelter. The same may hold 
good for those larvae of Polydora ciliata which have not succeeded in 
finding an easy place to make a mud-burrow, and have finally settled 
on some hard and smooth material, like the cupped valve of an oyster, 
where only burrowing can offer adequate protection. It certainly 
would be interesting to study the factors influencing its way of living in 
greater detail. The behaviour of Polydora larvae should be included in 
such a study. 


Trouble may start when Polydora digs so deep in the shell of a living 
oyster, that it threatens to perforate the latter’s shell. The mechanical 
irritation, the secretion of acid, the possible excretion of some toxic 
organic product, and the contact with the mud-deposits of Polydora- 
burrows may threaten the oyster’s well-being if its shell becomes per- 
forated. A healthy oyster is able to make a seal of olive-green con- 
chyolin, exactly in the place where the Polydora burrow threatens to 
perforate the shell. In due course normal calcareous layers can be de- 
posited on the conchyolin seal. The oyster can produce either pure 
conchyolin or normal calcareous shell layers, as circumstances demand. 
As conchyolin cannot be dissolved by Pelydora’s acids, such a sealing off 
is far more effective than the deposition of only a thin layer of calcite. 
I presume that the elastic conchyolin also resists for quite a while the 
mechanical action of Polydora’s bristles. When the perforations of the 
shell are not extremely numerous, and the oyster is not too weak to 
react promptly to threatening perforations, the oyster does not seem to 
suffer much from these activities of Polydora. Both HoEk (1902) and 
Lamy & ANDRE (1937) claim that too vigorous an attack of drilling 
Polydora may bring about the oyster’s death: ‘‘Si les Polydora sont trés 
nombreux le mollusque tinira par mourir de l’excés de travail qui lui 
est imposé.”” Horx’s additional statement, that serious danger is in- 
volved if Polydora perforates the oyster’s shell under the muscle, where 
the oyster is unable to secrete calcareous material, is certainly not 
based on HoEk’s own observations, but has been derived from Caraz- 
z1’s descriptions. 

I can add that Polydora ciliata very often makes its burrows in he 
shells of oysters in the Zealand waters. A threatening perforation is 
practically always sealed off promptly by deposition of small circular 
patches of conchyolin. Only in the case of an exceptional mass-attack 
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larger green patches of conchyolin are laid down in an effort to avoid a 
direct contact with the worm. 

I could not see that serious damage by Polydora’s drilling ever led to 
a sheer exhaustion of oysters in Dutch waters. It may have been dif- 
ferent in Hoex’s time (1902) when the Zealand oysterbeds were over- 
populated, which resulted in poor growth and a complete lack of 
growth in mid-summer. Nowadays our oysters never stop depositing 
shell material from early in May till well into November, so that Poly- 
dora, active in the warmer season, can be sealed off at any time. Some- 
times, however, Polydora ciliata may be so numerous, that the honey- 
combed shells become so brittle that they are easily broken during 
packing or transportation. Some parts of the Zealand beds are no- 
torious for this (e.g. the Dijkwater). 

Quite another type of damage by Polydora ciliata in Dutch waters is 
the above-mentioned loss of oyster larvae through the voracity of 
Polydora. Further Polydora ciliata also likes to make its burrows under 
the lime-coating of the tile-collectors. If crabs (Carcinides maenas) find 
that Polydora is particularly numerous there, they may start peeling off 
the lime-coating in search for Polydora, and thus destroy quantities of 
oyster spat. 

The most serious damage to the oyster industry in may parts of the 
world is imputed in the literature to Polydora ciliata. In practically 
every case presented Polydora ciliata could plead not guilty, and point 
to other members of the Polydora family as the culprits. I have not 
enough space here to clear up the confusion which is found in the 
literature on this point. It is enough to mention that Polydora ciliata most 
probably does not occur at all in America (HARTMAN 1945), and 
Australia, from where its harmful effects have been reported. 


Polydora hoplura CLAPAREDE 
Much of the havoc caused in many important oyster districts, and 
ascribed to Polydora ciliata, has in fact been caused by Polydera hoplura or 
by biologically closely related species like Polydora webstert HARTMAN. 
The latter species all show the same way of living, differing from that 
of Polydora ciliata. 

Polydora hoplura and biologically related species usually do not start 
‘their work from the shell’s exterior surface, as Polydora ciliata does, but 
penetrate between the oyster’s mantle and shell. Very frequently ac- 
cording to my observations this is done opposite the oyster’s inhalent 
chamber, though penetration under the mantle of the exhalent cham- 
ber does occur occasionally. Polydora hoplura then does not wander at 
random between the oyster’s mantle and shell, but settles down at the 
edge of the shell and in a direction approximately perpendicular to 
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this. It soon starts to accumulate mud, as Polydora ciliata does after 
settling down between the scales of the oyster’s flat valve. 

Both the presence of the worm itselfand the accumulation ofmud and 
debris irritate the oyster. The oyster responds with efforts to seal off the 
intruder, either with conchyolin layers (far larger green patches than 
the neat round ones used against Polydora ciliata) or with harder cal- 
careous layers. If the oyster is not for any reason in too poor a con- 
dition, these efforts are successful. The result is favourable for Polydora, 
however: it has got a solid and safe burrow without any burrowing in 
hard shells. Its communication with the surrounding sea-water is better 
and safer after the oyster has deposited its calcareous layers: the worm 
can then reach the outer world at any time without running the risk of 
being caught by the oyster’s tightly closing valves. 

The oyster on the other hand, is at a marked disadvantage. An oyster 
always prefers a smooth interior surface to its shell. To this end it fills in 
all furrows and possible dimples in it shell with chalky deposits (Kor- 
RINGA 1951). Probably a smooth and well-shaped interior surface of the 
shell promotes the proper functioning of the oyster’s intricate filtering 
mechanism. By covering Polydora hoplura and its mud deposits with 
calcareous layers, it cannot avoid making a more or less serious hump 
on the shell’s interior surface. It is far more difficult to smoothe away a 
hump than a furrow or dimple in the shell. 

If the position of the oyster’s shell on the sea-bottom renders it 
necessary, Polydora hoplura, living in its perfectly safe shelter, can 
lengthen its burrow with a shorter or longer mud-tube. The growing 
Polydora needs a more spacious burrow, and to that end perforates the 
thin blister the oyster laid down on it. More mud is then deposited. 
The oyster covers it again, but has to put up with a still larger and 
higher hump, now reaching further from the shell’s edge. This can go 
on for quite a while until extensive blisters, often filled with black mud, 
can be found on the shell’s interior surface, which thus often becomes 
seriously uneven. Polydora usually perforates the blisters repeatedly at 
the end away from the shell’s edge. The part of the burrow at the edge 
of the shell becomes covered by thicker and thicker layers of calcareous 
matter as the shell grows. Finally the exit of the Polydora burrow no 
longer is to be found on the shell’s edge, but somewhere on the outside 
of the valve away from the edge. 

The result of this work of Polydora hoplura and its biologically allied 
species differs completely from that of Polydora ciliata. The activities of 
the former lead to burrows built on the shell’s interior surface, starting 
at the shell’s edge and perpendicular to that edge. Humps on the shell’s 
interior surface are the result. If the oyster is rather weak only thin 
layers cover Polydora and its mud deposits. In very weak oysters Polydora 
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and its mud patches may be practically bare under the oyster’s mantle. 
Polydora hoplura may deepen its burrow by extending into the shell 
layers underneath itself. Just as with P. ciliata, it usually lives in a U- 
shaped burrow with the legs of the U very close together. The sepa- 
rating wall has been built of debris. Sometimes, however, the worm 
deviates more or less from this scheme, makes a curve in its burrow 
somewhere away from the edge, or makes an open U instead of keeping 
the legs close together. 

An oyster shell seriously attacked by Polydora ciliata, on the other 
hand, shows burrows of more modest dimensions (about % to %4 as 
wide as those of P. hoplura) which strike the interior surface of the shell 
at all possible angles and in all possible places. There is no relation to 
the shell’s edges. Only the distal ends of the burrows threaten to per- 
forate the shell. 

Unless the oyster is too weak to seal off Polydora hoplura, which may be 
the case in mid-summer in southern countries and in overpopulated 
districts, a few Polydora do not endanger the oyster’s life. In districts 
rich of food even a mass attack in which younger blisters of Polydora 
may be produced on top of the older ones does not necessarily affect 
the oyster’s well being for the oyster can lay down as much shell ma- 
terial at any time as it requires without becoming exhausted (c.f. 
LoosanorF & ENGLE 1943). 


Though it is fairly easy to tell the work of Polydora hoplura and bio- 
logically closely related species from that of the more innocent P. ciliata, 
there exists a terrible confusion in the literature. As early as 1736 
DESLANDES described the ‘‘red worms” in the oysters shells and be- 
lieved they had some share in the oyster’s fertilization (‘‘vers accou- 
cheurs’’). He advised the oystermen to lay out blocks of limestone to 
divert Polydora’s attention from the oysters. 

G1arD (1881) gave the same advice as he saw the burrows of Polydora 
ciliata abounding in limestone rocks near Dieppe. Unless one kills the 
Polydora in such limestone blocks at frequent intervals, I assume that 
such measures could only promote the occurrence of the worm. More- 
over GrarD knew very well, that it is Polydora hoplura (Leucodora san- 
guinea) which does the real damage in the French oyster districts, and I 
never heard that this species likes to dig its burrows in limestone rocks, 
as Polydora ciliata does. 

Carazzi (1893), though giving much valuable information on Poly- 
dora and its activities, erroneously ascribed mud-blisters caused by 
worms entering between the oyster’s shell and mantle to Polydora ciliata, 
which added to the confusion. McInrosu (1902) had never seen the 
activities of Polydora hoplura, and concluded from his own experience 
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with Polydora ciliata: ““The perforations of Polydora in oysters need not 
be taken too seriously since even the best oysters are thus invaded and 
yet, their quality is undisputed.’ McInrosx discussed and criticised 
Hasweti (1885) and WuiIrELEGGE’s (1890) reports on the havoc 
caused by Polydora in Australia’s oyster district, which they errone- 
ously ascribed to to Polydora ciliata. No doubt it had been caused by 
Polydora hoplura or by some species with the same way of living as the 
latter. 

Polydora hoplura does not belong to the regular fauna of Dutch waters. 
It has never been found on my experimental oysters at Yerseke. It has, 
however, repeatedly been imported with Brittany oysters. For the first 
time since I started my investigations in the Oosterschelde (1937), I 
noted in the year 1949 that specimens of P. hoplura introduced thus did 
reproduce successfully in Dutch waters. Several Dutch oysters in the 
autumn of 1949 showed a blister caused by Polydora hoplura. This gives 
cause for anxiety. We hope that Polydora hoplura will disappear again 
from the Dutch waters and that its reproduction in 1949 may be 
ascribed to the prolonged warm weather in that particular year. If it 
should increase in numbers, we must be ready to combat it efficiently. 
We know already that it is fairly easy to kill the worm in its blister 
without affecting the oyster, at least while the latter is still strong and 
healthy. A bath in a dilute solution of poison may be used to that end. 1 

Polydora hoplura, which has considerably larger eggs than P. ciliata, is 
said to have a far shorter pelagic life than the latter. I even wonder 
whether it may reproduce occasionally without any intermediate pe- 
lagic life at all, for many relaid French oysters showed far higher 
numbers of Polydora blisters in the part of their shell laid down during 
the sojourn in the Oosterschelde than Dutch oysters of the same size 
and from the same beds. Or do adult worms occasionally leave their 
burrow to make a new start at some other point of the same shell? Is it 
of any advantage to Polydora to try to keep the entrance of its burrow 
somewhere close to the edge of the oyster’s shell? Does it take any 
advantage of the water current created by the oyster during feeding 
hours? How long is the life of an average Polydcra? During a cold spell 
in January 1950 most of the Polydora hoplura born in 1949 disappeared. 
Those kept in a covered oyster basin with controlled water temperature 
survived however. More questions could be put. Therefore, for this 


*In the year 1950 both Polydora hoplura and P. ciliata became so numerous in the 
Oosterschelde that we had to advise the oysterman to control these pests. The 
application of fresh water for 16 hours or a 3-hour bath in a %4°/o) solution of D.N.C. 
(di-nitro-ortho-cresol) suffices to kill both Polydora’s quantitatively without affecting 
the oyster (Korrinca, P., Polydora als vijand van de oestercultuur. Visserij-nieuws 
3, no. 10, supplement, 12 p.). 
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species of Polydora too, a more detailed investigation on its way of living 
would be more than welcome to both the pure and the applied bio- 
logical science. 


Cirratulidae: 
Cirratulus cirratus (O. F. MULLER). 


Up till now few specimens of this worm have been recorded from the 
Dutch coast. The Leyden Museum possesses undated specimens from 
Den Helder and from Walcheren. Possibly the latter are those collected 
by Horst at Veere (c.f. Horst 1919. Tijdschr. Ned. Dierk. Ver. p. 25). 

Is it possible that it has not been looked for in the right habitat? 
FAUVEL (1927) states that it lives in mud deposits in crevices of rocks or 
in the muddy sand under stones. Though I took bottom samples in 
many places in the Oosterschelde, I only came across one specimen of 
Cirratulus cirratus in a sample rich in shell debris from plot 446 (29-4- 
IQ4I). 

I did find several specimens, however, on oyster shells, but invariably 
on those taken from the plots, and never on oysters kept in a tray. This 
confirms THoRson’s view (1946) that Czrratulus cirratus does not possess 
pelagic larvae. It therefore cannot easily reach oysters in a tray. The 
following specimens have been collected by me: 


Deal] ae eee ee l= 0194 0 2connlOloysters 

Dao Sor e242 0-194 0 algon lOfoysters 

p. 408. ... . . 24-10-1940 1 on 10 oysters 

ee On = 104 eae OhonmlOloystcrs 

p. 339 . . 7-10-1940 1 on 25 one-year-old oysters 
Pp 


. 37c Grevelingen April 1941 1 on 10 oysters 


Cirratulus was invariably found between the scales of the oyster’s flat 
valve, where it found small quantities of a sandy mud. I can hardly 
believe that this could be its only habitat. It indicates that crevices do 
appeal to Cirratulus, as FAuveL stated, and that this species avoids 
extensive deposits of sand, mud and peat. Perhaps we shall find it later 
in greater numbers. 


Tharyx multibranchus (GRUBE). 

This species, closely related to Cirratulus, has distinct eyes, one pair of 
palps, and a great number of long cirriform branchiae. One won- 
ders how it manages to prevent them getting knotted up. It has never 
been recorded from Dutch coastal waters. It appeared to be fairly 
common in the Oosterschelde, for I found it in many bottom samples, 
though only once in great numbers: 
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p. 188 bottom sample. . . . . 3-12-1940 10 specimens 

(about 10 mm long) 
p. 443 mud and peat. . . . . 3-12-1940 4 specimens 
p- 551 bottom sample. . 16-12-1940 1 specimen 


Tidal basin Vendeville, Verse 20-11-1940 2 specimens 
p. 157 bottom sample rich in 


shell debris . . . 16- 5-1941 30 specimens 
p-. 448 bottom sample ae, in 

shell debris . . . . . . 29- 4-1941 12 specimens 
p. 486 bottom sample. . . 27- 4-1941 2 specimens 


Katsche Gat, Zandkreek, éandie 18-11-1940 7 specimens 


Moreover I found it twice on the shell of a living oyster, where it no 
doubt did arrive accidentally as a youngster: 


pe49l oo 2 8 el cs STE) io lOroysters 
, Kijk-uit’’, Yerseke. . . . . . 25- 8-1941 1 specimen on 50 oysters 
born in 1939 


Both specimens recorded here have been found between the scales of the 
oyster’s flat valve. 


Dodecaceria concharum ORSTED. 


Though recorded before from the Dutch coast, Dodecacerta concharum 
seems to be rather rare here. The Leyden Museum possesses material 
collected on the oyster beds of the Oosterschelde by Hoek (1901). It 
can make its burrow in old shells, but does not seem to be able to drill 
holes in hard healthy shell material or in hard lime stone. 

Moestus (1893) found it on the German natural oyster beds and 
stated: ‘‘Dodecaceria sitzt in den Schalen alterer Austern in kurzen un- 
regelmassig gebogenen RéGhren.’? ScHoppuyN (1931) found 2 spe- 
cimens on an English oyster. Lamy & ANDRE (1937) state that it occurs 
from Norway to Madeira, and makes its elliptical U-shaped burrows in 
soft lime-stone and old shells, especially in those of Ostrea, Cyprina and 
Pecten. 

I found one small specimen in an old oyster shell in the oyster basin 
at Bergen op Zoom (29-i1-1940), and later 15 more specimens on an 
old oyster taken from plot 524 (4-4-1941). Most of these specimens were 
found to have constructed their burrow between the shell of the oyster 
and its collector (an old decayed shell of Tapes); some lived between 
the scales of the oyster’s flat valve. Apparently the Dodecaceria on this 
oyster had not gone to any trouble to drill burrows in the more resistant 
parts of the oyster’s shell. 


Streblospio Dekhuyzent Horst. (fiz. 12). 


This species, hardly differing from S$. Shrubsolii (BUCHANAN), was 
common in the former Zuiderzee (Horst 1922). DE Vos (1936) even 
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said it was the commonest Polychaete in the Zuiderzee in the period 
1927-1932. As it did not occur in the Northern part of the Zuiderzee, 
she added that this species is characteristic of brackish water, and can- 
not stand high salinities. 


b 


Fig. 12. Streblospio Dekhuyzeni Horst; a. anterior end, side view; b. hook, gth seti- 
gerous segment 


I cannot corroborate this view, for I found Streblospio in 2 stations in 
the Oosterschelde, where the salinity is fairly high and constant (28°/9,) : 


Katsche Gat, Zandkreekin mud_ 18-11-1940 1 specimen 
Tidal basin Vendeville, Yerseke 
AIMEITAU Ch eee nee O=1)l = 940 Se 4Arspecimens 
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Lexoup (1940) found it in the Bassin de Chasse at Ostend, where the 
water was likewise of a high salinity. 


Capitellidae: 
Heteromastus filiformis (CLAPAREDE). 
This species is very common in sediments rich in mud. In his treatise on 
the Polychaete worms of the Zuiderzee Horsr (1922) identified it 
wrongly as Capitella capitata. De Vos (1936) rectified this error, and 
stated that Heteromastus certainly was very common in the former Zui- 
derzee. LeLoup found it at Ostend in the Bassin de Chasse. 

I found it in practically every bottom sample I took in the Ooster- 
schelde, which indicates its wide distribution there: 


Katsche Gat, Zandkreek 18-11-1940 4 specimens 
Kattendijke. . . . . .. . . 21-11-1940 8 specimens 
Tidal basin “‘Kijk-uit’’, Yerseke 20-11-1940 2 specimens 
Tidal flats ““Kijk-uit’’, Yerseke 20-11-1940 7 specimens 
Tidal basin Vendeville, Yerseke 20-11-1940 9 specimens 
p. 446 bottom sainple. 29- 4-1941 2 specimens 
p. 184 mud. : 20- 6-1941 3 specimens 
p. 448 mud . wee 29- 4-1941 2 specimens 
p. 188 sandy mud . 3-12-1940 15 specimens 
p. 443 sandy mud . 3-12-1940 10 specimens 
p. 551 sandy mud . 16-12-1940 1 specimen 


I never found it on the shells of living oysters. 


Capitella capitata (FABRICIUS). 


Withdrawing Horst’s (1922) erroneous Zuiderzee records, only some 
Dutch specimens of Capitella capitata, collected in recent years, are to be 
found in the collections of the Leyden Museum. 

On several occasions I collected Capitella capitata in the Oosterschelde. 
This often blood-red worm has been found there in bottom samples, 
especially in those rich in shell debris: 


Tidal basin ‘‘Kijk-uit’’, Yerseke 6-11-1940 15 specimens 
Tidal flats ‘‘Kijk-uit’’, Yerseke 20-11-1940 9 specimens 
Tidal basin Vendeville, Yerseke 20-11-1940 5 specimens 
Katsche Gat, Zandkreek 18-11-1940 1 specimen 
p. 446 bottom sample. 29- 4-1941 2 specimens 
p. 184 bottom sample. 20- 6-1941 4 specimen 


Occasionally I found one on an oyster, hidden between the scales of the 
flat valve: 


© ere 
ties Year | ie | Period 
1941 1939 AVIS (Dy 2K Ua (ay) 
1942 1940 22/6 (1 juv.) 
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Most probably their occurrence here is purely accidental. 

I moreover found some specimens in the boxes with wire gauze, 
placed at Yerseke in the year 1940 (table III). 

It should be recorded here that Capitella capitata’s characteristic fea- 
tures are liable to some variation. Though according to FAUVEL (1927), 
and HARTMAN (1945) the first 6 thoracic segments should bear pointed 
setae only, and no hooks, I sometimes found hooded hooks on the 6 
segment too. Especially small individuals may show less than 6 seg- 
ments with pointed setae only. In one and the same individual left and 
right side may differ in this respect. The shafts of the hooded hooks are 
sometimes distinctly inflated. The pointed setae are sometimes seamed 
on both sides, though always broader on the convex side. The genital 
hooks vary in number. Uneven numbers may occur. I once found a 
male individual with 4 pairs of heavy hooks anterior to and 2 pairs 
posterior to the genital aperture. In this specimen too, a number of 
smaller hooks could be found at the bases of the long ones. 


Arenicolidae: 
Arenicola marina (L.) (fig. 13). 
On oysters taken from a tray placed on plot 551, I found (21-10-1940) 
2 specimens of a small Polychaete worm, which measured 5 to 6 mm, 
and was difficult to identify. Making use of FAuvEL’s keys (1927), I 
invariably landed in the family of the Maldanidae, but I could not find 
one description of a Maldanid species which matched my specimens. 

It is a worm of approximately cylindrical shape. ‘The posterior part, 
more slender than the rest of the body, consists of non-setigerous seg- 
ments. The head, bearing 4 eyes, is followed by some non-setigerous 
segments, indistinctly separated from the head. Next follow 19 seti- 
gerous segments. These setigerous segments bear at their dorsal sides 
pointed setae only at their ventral sides hooks. As a rule each dorsal 
ramus has but one long and slender seta, seamed on both sides, and one 
shorter spatulate seta, likewise seamed on both sides. ‘The latter setae 
are ciliated at one side. The hooks are crowned with several teeth, of 
which one or two predominate. The shafts of the hooks are curved and 
inflated. At both sides the number of hooks per segment rises from the 
first setigerous segment (2 hooks) to the last (7 hooks), which hooks are 
all placed in one single row. The worms are red, and live in a tube 
made of fine sand particles bound together with a sticky slime. Head 
and pygidium bear yellow pigment spots. 

I sent one of my specimens to Prof. Fauver for identification. It took 
a very long time in the years of the German occupation, for such a 
parcel to reach its destination in another country. Meanwhile I had 
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o. 


120 


Fig. 13. Clymenides-larva Arenicola marina (L.) a. entire animal 5 a 6 mm; b. head, 
dorsal view; c. head, side view; d,e. neuroseta; f. hook; g. pygidium 


found a larger specimen, measuring slightly over 10 mm, which showed 
the following additional features: short proboscis bearing many papil- 
lae; 2 otocysts containing several otoliths; 2 distinct oesophagical 
coeca; short non-ramified cirriform branchiae, set close to the setae, 
and connected with the vascular system; an increasing number of 
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pointed setae per segment. I figured then that it might be a young 
specimen of Arenicola marina. Then, Prof. FAUVEL’s answer came, in- 
forming me that it was Clymenides ecaudata, the larva of Arenicola 
marina. Others too had experienced difficulties in its identification. It 
was Fauve himself who finally demonstrated that Clymenides is nothing 
butthe larva of Arenicola: ‘““MESNIL en avait fait jadis le type d’une fa- 
mille nouvelle, les Arenicolo-Maldaniens, avant que j’aie démontré qu’ 
il s’agissait tout simplement de stades jeunesd’ Arenicola”’ (FAUVEL 1941, 
in litt.). 

I found the following specimens of the Clymenides larva of Arenicola 
on my experimental oysters: 


Oysters ee 
Year aaa Period 
1941 1940 OD CD), Pe (GD) 
1941 1939 25/6 (1); 4/7); 10/72), 
BAT 2) ecod Qk) 
yey 1941 9/6-14/7 few but regularly 
1942 1940 22/6 (2) 
1943 1942 2/6—20/7 few but regularly 
1943 1941 15/6, (2) 14/73) 
1944 1943 2216 (2).28/6 (1) 5 19/7 (1) 
| 
On other oysters kept in trays I found: 
‘“‘Kijk-uit”’, Yerseke. . . . . . 6-11-1940 2 specimens 
py Dots s incl haps Coca oy oelOel Ae specimens 
On oysters taken from the plots I found: 
p. 835 Ouwerkerk . . . . . . 24- 4-1941 1 specimen 
ped]... 4 on ae eachisia too Gr abo ed. | .2;specumens en 


10 oysters 


Moreover I once encountered a Clymenides in a plankton sample (19- 
6-1942). It does not seem to be a good swimmer. Possibly it had been 
whirled up by the currents, like so may other benthonic organisms | 
found in my plankton samples which are taken 2 feet from the bottom 
only. 

The tabulation above proves that Clymenides larvae may be found at 
least from April to November. Most of my specimens were collected in 
June and July. I do not claim that the shell of the oyster is the only 
habitat of Clymenides. Far more of them must live in other places, some- 
where in the Oosterschelde. I never found it in my bottom samples, but 
possibly it prefers a very special habitat, not covered by my sampling. 

Though Arenicola marina is very common creature in our waters, we 
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do not know very much about it. THorson (1946) and NEWELL (1948) 
agree that Arenicola breeds in October or thereabout in our latitude. 
Spawning is most probably concentrated within a very few days only, 
presumably an example of lunar periodicity (c.f. KoRRINGA 1947) re- 
quiring closer investigations. Not much is known about what happens 
next. THORSON (1946) never found planktonic larvae, and assumes that 
Arenicola does not produce them. Very young bottom stages could be 
found late in autumn. THoRSON assumes that they grow fairly slowly, 
and become distinct little Arenicola in the next summer season. NEWELL 
(1948) found the young larvae, 14 days old, measuring 0.25 mm, in the 
silt high up in the Fucus-zone, far away from the spawning adults. 
NEWELL too, claims that Arenicola has no extended pelagic larval phase. 
NEWELL lost sight of the larvae until he found young worms Io to 20 
mm long, and typical little Arenicola, in the following spring. In Sep- 
tember those appeared to have already reached a length of over 40 mm. 
Considering the difference in habitat of larval, young, and adult Areni- 
cola, NEWELL assumes that “‘lugworms sometimes leave their burrow 
and swim for short distances, probably to seek situations for new bur- 
rows. This kind of migration may be responsible for dispersing the ani- 
mals throughout the habitat and accounts for its repopulation by young 
worms from the edge of the Fucus zone.” The latter assumption is 
supported by observations of an occasional swimming Arenicola. 

What can I add to this? In the first place, that I encountered an 
occasional swimming Arenicola myself, while wading on the oyster 
grounds. Sometimes, however, Arvenicola must swarm in tremendous 
numbers. In the early spring of 1949 I investigated a sample of spent 
herring caught by a Bergen op Zoom fishermen in his fish-weir. Their 
stomachs appeared to be crammed with Arenicola of medium and fair 
size, most unusual for a plankton eater like the herring. As every her- 
ring of the sample was chock-full of Avenicola, the latter must have been 
swimming around in fair numbers, for nobody would claim that herring 
dig the lugworms out of their burrows. 

As to the development of the larvae, I feel that both THorson and 
NEWELL overestimated their growth rate. As I found: Clymenides-larvae 
throughout the summer season, it evidently is a slow grower. I assume 
that the larvae born in October will spend the whole of the next sum- 
mer as a Clymenides. Only when about a year old does it gradually 
change into a typical little Arenicola. Those found in spring in the 
Whitstable area (NEWELL 1948), which measured 10 to 20 mm and 
showed all the features typical for Avenicola, cannot possibly belong to 
the same generation as the tiny 14-days larvae NEweELu found a few 
months earlier. According to me, NEWELL and TuHorson both over- 
looked the extended Clymenides phase in the development of Arenicola. 
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FERRONIERES (1901) found the Clymenides larvae, in the oyster parks at 
Le Croisic. 

From my data I am inclined to conclude that the tiny benthonic 
larvae of Arenicola born in October, develop into Clymenides larvae in 
due course. The latter metamorphose into a complete Arenicola at the 
age of about one year. The young Arenicola found by NEWELL in April 
probably are about 18 months old. | 

Clymenides larvae must occur in great numbers in many districts. 
Those to be found on the shells of oysters probably belong to a min- 
ority, which settled accidentally in that habitat. For, Arenicola may 
abound where oysters are lacking. Moreover, even if one Clymenides 
should occur on every 10 oysters, their number would still be insig- 
nificant for a regular recruitment of the vast stock of Arenicola in the 
Oosterschelde. 

Once we know where to look for Clymenides, we shall find them. They 
are inconspicuous, because they usually hide in a narrow tube, made 
out of a sticky slime and small sand grains. Though Clymenides is a very 
muscular little worm, and occasionally gets whirled up in the plankton, 
I still wonder how they reached my oysters in the trays. 


Sabellariidae: 

Sabellaria spinulosa LEUCKART. 

In several oyster districts Sabellaria gives cause for anxiety, since it 
grows in such tremendous numbers on the oysters that the latter may 
be suffocated. Morsrus (1893) found here and there practically every 
oyster he caught covered with the hard sand tubes of Sabellaria. The 
French oystermen too know how much trouble the ‘“‘hermelles” can 
give. DoLLFus (1921) mentions in this respect the beds of Cancale and 
Mont St. Michel as notorious Sabellaria districts. 

I do not know why Sabellaria does not bother the Dutch oyster in- 
dustry. Can it be that winter temperatures in the Oosterschelde, though 
differing little from those prevailing in the beds Mozstus investigated, 
are too low for this species? Or does Sabellaria require a salinity higher 
than 28 °/5, (Oosterschelde average) to breed and develop normally? 
Occasionally Sabellaria spinulosa has been introduced alive with oysters 
from Arcachon, e.g. in April 1947. On October 6, 1947, I found 
living Sabellaria full of spawn on such relaid Arcachon oysters. Purple 
drops containing many eggs exuded from the Sabellaria burrows but I 
did not find their offspring, though the 1947/48 winter was a mild one. 

Only once did I find the hard sand burrow of Sabellaria on a Dutch 
oyster viz. 13-12-1938. This oyster came from one of my trays, placed 
on plot 387. Spat, newly detached from the tile-collectors, had been put 
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in that tray in the spring of 1938. I am therefore sure that this Sabellaria 
settled on a Dutch oyster in the summer of 1938. In the spring of 1938 
oysters from Brittany and Archachon had been relaid in fair numbers. 
I found another Dutch specimen on a tile-collector, February 1950. 


Amphictenidae: 
Pectinaria Korenti MALMGREN. 


For the sake of completeness I record that one juvenile specimen of this 
species, common on the Dutch coast, was found on my experimental 
oysters: 25-6-1941, on oysters born in 1939. It apparently does not like 
that habitat. 


Amphitrite Fohnstone. MALMGREN. 


This sedentary Polychaete worm is not rare on the Dutch coast. Horst 
(1896) knew of several specimens collected near den Helder. The 
Leyden Museum possesses specimens from the Waddenzee and from 
the Zealand waters. Moersius (1893) records several specimens from 
the natural oyster beds he investigated. 


Occasionally I found Amphitrite Fohnstonei on my experimental 
oysters: 


Oysters ; 
Year aoe Period 
1941 1940 30/5 (1 juv.), 17/7 (1) 
1942 1941 30/6 (1 juv.) 
1942 1940 22/6 (1), 28/7 (2 juv.) 
1943 1942 5/7 (1) 
1945 1944 5/6 (1) 


The specimens collected were all very young. None have been found in 
my other series. 


I also found it on large oysters taken from the plots: 
Tobe UUE Loe SS) POPs ty te pI A 8-5-1941 2 on 10 oysters 


and several large specimens were got among empty shells in the Bergen 
op Zoom oyster basin. 


My data suggest that Amphitrite Johnstonei reproduces in early 
summer. 


Lanice conchilega (PALLAS). 


Lanice abounds in the Dutch waters (Horst 1896). Often tremendous 


numbers ofits tubes are cast ashore. Moestus (1893) mentions it occur- 
rence on the German natural oyster beds. 
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It has been found in fair numbers in the tidal basin I used in the 
station “‘Kijk-uit’’, Yerseke. Its tubes can be detected among the shell 
debris and stones which cover most of the bottom of that basin. It some- 
times settles on oyster shells, e.g. on my experimental oysters: 


© 
Year na Period 
1942 1941 AVS) (MY), BOYD CD), S/O CD) 
1943 1942 ET (QW), AVI (AY), SOS (UD) 
1943 1941 8/6 (1), 15/6 (1 juv.), 21/6 
(1 juv.) 


And none in my other series. 
I also found it on oysters taken from the plots: 


ete s 6 56 oo 6 68 eo INCE Dom ils) Osu 


It often occurs in fair numbers in the trays the oystermen place off 
Merseke: 


iE o> AOL 6 6 6 6 op 6 oo 0 BVI Con 2 oOmor 


THORSON (1946) states that Lanice larvae abound in the summer plank- 
ton of the Kattegat. I often found it in my plankton samples too. This 
little creature lives in a hyaline tube, the shape of a truncated cone, 
which seems to be far too wide for it. I recorded their occurrence in 
plankton samples on 27-6-1941, 19-6-1942, 24-6-1943, but saw them 
many more times. It apparently breeds in summer. 


Serpulidae: 

Spirorbis Pagenstechert QUATREFAGES. 

The little spiral shaped tubes of Spirorbis are often found on stones and 
shells collected on the oyster beds, especially on the intertidal flats. For a 
proper identification, living material, complete with operculum, is to 
be preferred. 

I found 2 specimens which turned out to be S. Pagenstechert on oysters 
in a tidal basin near the harbour of Yerseke (26-11-1941), and 2 more 
specimens of S. Pagenstechert on my experimental oysters: 6-9-1943, on 
oysters born in 1941. 


OLIGOCHAETA 


Peloscolex benedeni (UDEKEM). 
De Vos & REDEKE (1941) recorded Peloscolex benedeni for the first time 
from the Dutch coast and stated that it abounded in bottom samples 
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taken on the tidal flats in the Province of Groningen. Specimens col- 
lected by LeLoup (1940) in the Ostend Bassin de Chasse, were identi- 
fied as Peloscolex benedeni by miss DE Vos. I found it in many bottom 
samples taken in the Oosterschelde. The specimens collected were 
identified by Miss De Vos: 

Tidal basin “‘Kijk-uit’’, Yerseke 6-11-1940 25 specimens 

Tidal flats “‘Kijk-uit’’, Yerseke 20-11-1940 3 specimens 


Tidal basin Vendeville, Yerseke 20-11-1940 30 specimens 
Katsche Gat, Zandkreek, mud. 18-11-1940 26 specimens 


p. 551 bottom sample. . . 16-12-1940 2 specimens 
p. 188 bottom sample. . . . . 3-12-1940 15 specimens 
p. 157 bottom sample. . . . . 16- 5-1941 4 specimens 
p. 184 bottom sample. . . . . 20- 6-1941 5 specimens 
p. 446 bottom sample. . . . . 29- 4-1941 3 specimens 


These data indicate that Peloscolex benedeni is probably of very common 
occurrence in the Oosterschelde. 

I also found it on the shells of oysters, but only once on an oyster kept 
in a tray in my regular series: 


21-6-1943 . . . . 1 specimen on 25 oysters born in 1941 


On oysters taken from the plots the following specimens have been 
collected: 


Poa 0 ligts Me 2 ee 20-4194 SronMOloysters 
p- 835 Cee ee ee 24-4194 lone Oloysters 


Paranais litoralis (ORSTED). 


This Oligochaete worm, recorded by Dr Vos on several occasions from 
Dutch coastal waters and from Ostend (LELoup 1946), has been found 
in several of my bottom samples, and sometimes on shells of oysters. 
Miss DE Vos identified my specimens: 

Katsche Gat, Zandkreek . . . 18-11-1940 7 specimens 


Tidal basin Vendeville, Yerseke 20-11-1940 20 specimens 
Tidal flats ,,Kijk-uit’’, Yerseke. 20-11-1940 4 specimens 


p. 443 bottom sample. . . . . 3-12-1940 2 specimens 
On shells of living oysters have been found the following specimens: 
Oysters : 
Year ieee oes ns Period 
1941 1939 20/5 70 specimens 
16/6 18 specimens 
10/7 ~—-1 specimen 
1942 1940 9/6 2 specimens 
16/6 3 specimens 
1943 1941 8/6 2 specimens 
1944 1943 22/6 1 specimen 
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Moreover on oysters kept on trays in the Bergen op Zoom oyster-basin: 


oe) OAD ie a et, oo) ame eee Dane Srovatens 
ial Gc Park arog ne NR as a Cone PLE 4 on 25 oysters 
As practically all the specimens from my regular series were collected 
on the 2-year old oysters, and that shortly after the trays had been 
placed in the station ‘Kijk-uit’, Yerseke, I presume that Paranais settled 
on the oysters in the basin at Bergen op Zoom in which those oysters 
hibernated. The occurrence of Paranais on oysters living in the Bergen 
op Zoom basin in mid-summer, and their absence on oysters from the 
plots, on oysters from trays placed in different stations, and on oysters 
of my regular series sampled later in the season, support my view that it 
is the Bergen op Zoom oyster basin which obviously offers favourable 
conditions to Paranais litoralis. 


PHYLUM ARTHROPODA 


CRUSTACEA 
OSTRACODA 


On several occasions I found Ostracods on the shells of oysters. The late 
Dr H. C. Repexe identified my specimens. One species only occurred 
in fair numbers, and reappeared year after year, so that it should be 
reckoned among the regular inhabitants of the oyster’s shell. This 
species is: 


Loxoconcha impressa (BAtRD) 
For my regular series its occurrence can be summarized as follows: 


Year - Te Period Maximum 
orm in 
1941 1940 late in September and in 21/10 24 on 50 oysters 
October 
194] 1989 flourishes in October 21/10 90 on 50 oysters 
1942 194] September/October 1 per oyster 
1942 1940 increase mid-September 
1943 1942 fair numbers 30/8—6/10 
1943 1941 some September/October 
1944 1945 few only; no sampling at 
Yerseke in September 
and October because of 
war conditions 
1945 1944 few only 


Moreover I found some specimens on oysters in the Bergen op Zoom 


basin: 22-7-1942 and 5-8-1942. 
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Further I found a great number in a bottom sample taken 9-12-1940 
in the tidal basin at Yerseke, in which I kept my oysters. 

Loxoconcha impressa appeared to occur sporadically in summer, but 
flourished noticeably in September and October. 


Other species of Ostracods have been found on oysters, but only spora- 
dically. It was moreover very difficult to collect these tiny little crea- 
tures quantitatively. The following species have been collected on my 
experimental oysters at Yerscke: 


Leptocythere castanea G. O. Sars. . . . Yerseke 11-7-1941 
Gythere albomaculata BARD . . . . . . Yerseke 8-7-1942 
Cythere viridis O.F.M. ......,. Yerseke 22-6-1942 
Cytherura nigrescens (BAIRD). . . . . . Yerseke 22-6-1942, 15-7-1942 
Cytherois fischeri G.O. Sars ... . . Yerseke 29-9-1942 


I did not include these species in the tables, because several specimens 
must have escaped my attention in other years, and because these 
these little creatures, occurring on my oysters only exceptionally, no 
doubt exert a negligible influence in the biocoenosis discussed. 

On oysters from another station a small number of the species Hemi- 
cythere villosa G. O. Sars (p. 524, 4-4-1941) have been found. 


COPEPODA HARPACTICIDA 


A fair number of small Copepods, belonging to the Harpacticids, 
appeared to occur on the shells of oysters. Especially in the first years of 
my investigations, I tried to make quantitative collections of these 
small creatures too. Miss A. P. C. DE Vos studied my material, and 
published her results in this journal (DE Vos, 1945). One species only: 


Longipedia minor Scott 

appeared to belong to the regular inhabitants of the shell of the oysters 
in the station ““Kik-uit’, Yerseke. In later years I made only a 
roug estimation of the number of Longipedia occurring on my oysters: 


Year aie | Period 

1941 1940 few until mid-August, fair numbers in September 

1941 1939 fair numbers in September and October 

1942 1941 decreases in first part of summer season, flourishes 
in October 

1942 1940 few only, very few in September 

1943 1942 few, throughout the season 

1943 1941 few, throughout the season 

1944 1943 some in July, few in August 

1945 1944 few only 


EE SE BG) OR TOS TRIB AS BD) lls Avs Al AUB Ta AvT Lei 


Longipedia minor abounded on oysters taken from the Bergen op Zoom 
basin on 22-7-1942 and 5-8-1942. 


I did not include in the tables the other species of Harpacticids found 
on my oysters for the following reasons: 


1. They occurred in very modest numbers only, and therefore can 
hardly have a noticeable influence on the community investigated. 


N 


. In the years 1941 and 1942 only I tried to make quantitative collec- 
tions of Harpacticids, and even then my figures are not as exact as 
those of the larger animals collected. 


3. A very comprehensive list of the specimens collected in the years 
1941 and 1942 has been given by DE Vos (1945). 


The following Harpacticids species have been encountered on my 
oysters: 


Longipedia minor Scotrr (c.f. tabulation Diosaccus tenuicornis (CLAUS) autumn 


above) observed flourishing in autumn species 
Canuella furcigera SARS Amphiascus debilis (G1EsBR.) 
Ectinosoma gothiceps G1ESBR. Amphiascus similis (CLAus) October 
Ectinosoma melaniceps Borck especially in Amphiascus tenellus SARS 

October Mesochra lilljeborgi Borck 
Harpacticus obscurus 1. Scorr Mesochra pygmaea (CLAUS) 


Altheutha interrupta (Goopsir) large num-_ Nitocra typica Boeck 
bers on oysters from a tray, station Ameira parvula CLAus autumn species 


Harden Hoek, Yerseke 12-8-1941 Laophonte curticauda Boeck early summer 
Parategastes sphaericus (CLAUS) Laophonte elongata BoECK 
Tisbe (Idya) furcata (BAIRD) Laophonte minuta BoEcK 
Dactylopusia latipes BoECK Asellopsis intermedia 1. ScoTr 
Dactylopusia micronyx SARS Enhydrosoma propinquum (BRADY) 
Parathalestris intermedia GURNEY Tachidius discipes GIESBR. 
Thalestris longimana CLAUS Metis ignea PHILIPPI 
Cirripedia: 


Balanus crenatus BRUGUIERE 

Up till now 2 species of acorn barnacles have been abundant in the 
Oosterschelde, viz. Balanus crenatus Bruc. and Balanus balanotdes (L.). 
The latter lives in the intertidal zone, and the former below it. As most 
of our oysters live below the low water line, it is only Balanus crenatus 
which attaches itself in fair or large numbers to the oyster’s shell. This 
has already been stated by Horx (1884). 

Balanus crenatus may give cause for anxiety when it settles down in 
great numbers. A profuse settling of barnacles on tile-collectors leaves 
little place for oyster spat, and forces many of the spat to grow around 
and over the barnacles, which results in irregularly shaped shells. ‘Tiles 
covered with barnacles are usually subject to a more serious fouling 
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than those with a smooth surface. Profuse setting of barnacles on larger 
oysters forces the oystermen to clean the oysters before the latter are 
marketed, which involves a great deal of expensive manual labour and 
losses among the oysters through broken shells. 

Barnacles did not occur in numbers worth mentioning on my experi- 
mental oysters at Yerseke. 


Cumacea: 

Bodotria scorpioides ( MontTacu) 

Only one Cumacean species, Bodotria scorpioides, has been found on my 
experimental oysters: 


Oysters 


Year ; Period 
born in 
194] 1940 few only, September/October 
1941 L939 few specimens in September and October 
1942 1941 some in September 
Na 1940 some in September 
1943 1942 some from 13/9-19/10 
1943 1941 September and October, one specimen 20/7 


I did not find it in the years 1944 and 1945. I found it repeatedly in 
bottom samples taken in the tidal basin in which my trays with oysters 
were placed, especially in September and October. Bodotria scorpioides 
flourishes apparently in September and October. 


Amphipoda: 

Corophium acherusicum Costa 

Miss Scuyyrsma, who kindly identified the Amphipods collected by me, 
informed me that the specimens recorded from the Oosterschelde as 
Corophium crassicorne by Horx (1884), belong in fact to the species C. 
acherusicum Costa. It has also been found in the Waddenzee and in 
the former Zuiderzee. 

I often found this gray-coloured Amphipod on oysters, where it lives 
in mud tubes between the scales of the flat valve. Their occurrence on 
my experimental oysters can be summarized as follows: (See page 116). 
On several samples of oysters trom the plots or from trays in stations 
other than Yerseke, Corophium acherusium did occur. As a rule there were 
about 5 specimens per 25 oysters. A greater number, 28 per 25 oysters 
was found on oysters from the Bergen op Zoom basin on 5-8-1942. Far 
greater numbers have been encountered between the scales of the flat 
valve of fairly large oysters kept in the station ‘‘Kijk-uit” Yerseke in the 
year 1940, viz. 6-9-1940, 27-91940, 7-11-1940. Sometimes about 10 
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Year ee Period 

1941 1940 few in August, some in October 

1941 1939 4/7 (1 juv.), 17/7 (5), later in the season from 3 to 6 
per 50 oysters 

1942 194] increase in August, later from 2 to 5 per 50 oysters 

1942 1940 few in July, increase late in August and in September; 
maximum | specimen per oyster 

1943 1942 some in July, few in August, increase till 6 to 7 per 
50 oysters in September 

1943 1941 few in June and July, more in September and 
October. About 2 per 5 oysters 

1944 1943 few only 

1945 1944 few only 


specimens were found ona single oyster. It is not clear why it occurred 
in far lower numbers in later years. 

Egg-bearing individuals of Corophium acherusicum were collected on 
oysters at Yerseke, e.g. September, October, and November 1940, and 
in August, September, and October 1941. 

Corophium acherusicum is said to feed on detritus only. 


Maicrodeutopsis gryllotalpa Costa 


This species, somewhat larger than Corophium acherusicum, and not 
gray, but of an attractive green colour with pink legs, can be found in 
mud tubes between the scales of the oyster’s flat valve, a habitat ap- 
parently appealing to a great many species of invertebrates. HorK 
(1884) recorded the first Dutch specimens from this very habitat: “‘J’en 
recueillis plusieurs exemplaires dans la vase qui se trouve souvent dans 
les plis des coquilles d’huitres.”’ 

On my experimental oysters at Yerseke it occurred as follows: 


Oysters 


Year ; Period 
born in 

1941 1940 few only 

1941 1939 1 or 2 per 50 oysters throughout the season 

1942 1941 a few in September 

1942 1940 throughout the year | to 2 per 50 oysters 

1943 1942 few only, more in September 

1943 1941 Several in September and October. These oysters 
were brought from Bergen op Zoom to Yerseke on 
August 23rd and bore 15 to 20 specimens per 50 
oysters on arrival 

1944 1943 very few only 

1945 ale. Qe none 
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During my preliminary investigations I found it repeatedly on large 
oysters in the station ‘‘Kijk-uit”, Yerseke: 6-9-1940, 17-9-1940, 6-10- 
1940, 7-11-1940. 

Microdeutopsis appeared to occur in great numbers on oysters placed 
in the basin at Bergen op Zoom, as has already been indicated by the 
1943 samples of oysters born in 1941, mentioned above. At Bergen op 
Zoom I recorded: 


J0-B-1G4L. so cc. He) op ean oh a enc OER oer arene 
Q9-T-194D se iu. oy oe eet eee oe ae Pete sere 
H=G 19425» x wren vate 50 per 25 oysters 


Specimens bearing eggs have been recorded from samples taken at 
Yerseke in August, September, and October 1941. 


Melita palmata (Monv.) 

This species has often been found on oysters from the Bergen op Zoom 
basin, e.g. in September and October 1940, and on 20-8-1941 (9 speci- 
mens on 25 oysters). It does not live in a mud tube, but moves freely 
about on the shells. Only once did I find a juvenile specimen on my 
experimental oysters (9-6-1942). 


Hyale nilssoni (RATHKE) 

For the sake of completeness I mention having found an occasional 
specimen of Hyale nilssoni on an oyster, €.g. 10-9-1940 (1) station **Kijk- 
uit”, Yerseke, 17-9-1940 (1) station “‘Kijk-uit’’, Yerseke, and none on 
my regular experimental series. 


Cheirocratus sundevalli (RATHKE) 


This species too has been collected a few times on oysters: 


p. 224 2. 6 wd tee © VT8= 10-1947 2 speeimens) 
pe 302) cs 3s at eee we ee pho LOSS DN epecmner:) 


I never found it on my experimental oysters at Yerseke. 


Gammarus locusta (L.) 


As this species abounds in the Oosterschelde, especially among sea- 
weeds, it need not surprise us that an occasional individual lost its way 
and landed on our oysters. The trays at Yerseke are only a few yards 
away from the Fucus vegetation: 


Year ee Period 

194] 1940 21/10 (1 specimen) 

1942 194] 20/7 (1 specimen) 

1942 1940 20/7 (7 specimens) 

1943 1941 20/7 (1 specimen) and 
regularly since 30/8 


AVISND, SISO IIL; ONY OG WII DIL AS IN TEN ISIN TP T19 


I also found it on oysters from the Bergen op Zoom basin: 23-8-1943, 
4 per 50 oysters. 

Now it was these oysters from Bergen op Zoom which were brought 
to Yerseke on 23-8-1943 and used for the series 1943 born in 1941, 
metioned above. It is noteworthy that Gammarus showed fairly high 
figures in several samples taken after the transplantation. This indicates 
that it is not necessarily an ephemeral visitor, but can stay in this 
habitat for a longer time. 


Caprella linearis (L.) 


Some individuals of Caprella have been found on my experimental 
oysters, viz.: 


ii Oysters : 

Year Bone Period 
1942 1940 30/6 (1), 8/7 (1) 
1943 1942 Palit (Qy) 

1944 1943 19/7 


The last mentioned specimen was found on a colony of Bugula plumosa. 
Can it be that Caprella feeds on Bugula too? 


Decapoda: 

Porcellana longicornis L. 

Hoek (1884) has already recorded that this little crab is not rare in the 
Oosterschelde. I often found it in the tidal basin in the station “Kiyk- 
uit’, Yerseke. It shows marked fluctuations in its abundance. Some 
years we meet it only occasionally, while in other years it may be 
extremely abundant. The year 1943 was a very good year for Porcellana. 
In the month of July especially I counted great numbers in bottom 
samples taken in my tidal basin. Only in this year did I find it among 
my experimental oysters in the trays placed in this station. Porcellana 
longicornis is not typical for the oyster’s epifauna, but this lively little 
crab spread all over the tidal basin in that particular summer. 


Year ee, Period 

eet 1939 21/10 (2) 

1942 1941 5710 (1) 

1943 1942 from 29/6 regularly a few 
specimens per sample 

1943 1941 from 29/6 regularly some spec- 
imens per sample; up to 6 
or 9 per 25 oysters 
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It is noteworthy, however, that ByTinsKI-SALz (1935) found it in fair 
numbers on the shells of suspended oysters near Rovigno d’Istria. 


Carcinides maenas (L.) 


The shore crab is abundant and often a nuisance to the Dutch oyster- 
men, because it likes to crack young oysters to devour the “‘fish’’. Spat, 
flattened out against a collector, cannot easily be killed by crabs, and 
few oysters older than about 16 months fall victim to the shore crab. 
Young oysters protruding from the collectors, and those recently de- 
tached and putting on growth, are especially vulnerable. This was al- 
ready known to Hoek (1884). Damage by shore crabs is avoided very 
effectively by keeping the recently detached spat on trays for several 
months, a method practized on a large scale by the Dutch oystermen. 

Large shore crabs could not possible get into my trays at Yerseke. 
Very young crabs did occur since they could get in freely through the 
meshes. I do not consider this species as typical of the oyster’s epifanua. 
It abounded in the tidal basin at Yerseke, so that its occurrence in 
small numbers among the oysters in the trays could hardly be avoided : 


Year a Period 

1941 1940 22/9 (6 juv.) 

194] 1939 24/7 (4 juv.) since then a few 
regularly 

1942 194] since 8/7 a few regularly 

1942 1940 14/7 (12 juv.), a few later 

1943 1942 since 21/6 a few juvenile 
specimens regularly 

1943 1941 since 21/6 a few regularly 

1944 1943 since 28/6 a few regularly 

LAD 1944 few only since 25/6 


It is noteworthy that small individuals of the shore crab always make 
their first appearance late in June or early in July. 


ARACHNOIDEA 
ACARI 


Copidognathus fabricius LOHMANN 


Occasionally I found in bottom samples and also in plankton samples 
taken close to the bottom of the Oosterschelde specimens of the Hala- 
carid species Copidognathus fabricius. Through the help of the late Dr 
A. G. OuDEMANs specimens collected by me have been identified by the 
Halacarid specialist Dr K. Viers (Bremen). 
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Sometimes I met them on my experimental oysters, where they 
crawled about clumsily like doddering old men: 


Year | Oysters | Period 
1942 1940 9/6 (1), 16/6 (1), 22/6 (1) 
1943 1942 23/8 (1) 


I never found one of the Halacarid species mentioned by ANDRE & 
Lamy (1930) as living on marine molluscs, oysters included, which are 
rightly or wrongly accused of parasitism. 


PYCNOGONIDA 


Pallene brevirostris JOHNSTON 


Occasionally I found on my experimental oysters Pallene brevirostris, 
identified by the late Miss BurrENpD1]K: 


Year ae Period 

1941 1940 10/9 (1), 6/10 (1) 
1941 1939 10/7 (1) 

1942 1940 8/9 (1), 15/9 (1) 
1943 1942 HF (OO), Ad 
1943 1941 DiI (3), 27/70 (1) 


There were none on my other series. 


Anoplodactylus petiolatus (HODGE) 
Of this species too, an occasional individual was collected on my experi- 
mental oysters at Yerseke: 


Oysters ; 
Year apaeera Period 
1941 1940 6/10 (1), 21/10 (1) 
1941 1939 17/7 (1) 
1942 1940 August and September a few 
1943 1942 16/8-19/9 regularly a few 


There were none on my other series. 


Nymphon brevirostris HODGE 

For the sake of completeness I record the finding of a single specimen 
of Nymphon brevirostris on my experimental oysters at Yerseke: Year 
1941, oysters born in 1939, 4/7, 1 specimen. 
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PHYLUM MOLLUSCA 
LORICATA 


Lepidochiton cinereus L. 


This small Chiton occurs in fair numbers in the Oosterschelde, crawling 
about on stones and shells, especially on the oyster beds on the inter- 
tidal flats East of Yerseke. We regularly find some of these little coat-of- 
mail shells attached to oysters or collectors. I never found them on my 
experimental oysters in the station ‘“‘Kijk-uit”, Yerseke. 


GASTROPODA 


Hydrobia ulvuae (PENNANT) 


For the sake of completeness I record that I twice found a specimen of 
Hydrobia ulvae on my experimental oysters: 1943, oysters born in 1942 
2/6 (1), 8/6 (1), and none in my other series. 

Apparently Hydrobia, being very abundant in many stations in the 
Oosterschelde, including the station ‘‘Kijk-uit’’, Yerseke, is a purely 
accidental visitor in this habitat. 


Crepidula fornicata (L.) 

The slipper limpet, is a real oyster pest in the Oosterschelde, settling 
down on old and fresh collector material, and thus taking the place 
meant for the oyster-spat. Locally it even forms entire beds. It was, 
however, rare in the station ‘“‘Kijk-uit’’, Yerseke, and, as can be seen in 
the tables, only a very occasional Crepidula (e.g. 1945) settled on my 
experimental oysters. Though the larva of Crepidula abounds in the 
Oosterschelde plankton, it does not settle down and survive in every 
place where oysters or shells offer it a suitable substratum. We know of 
several districts in the Oosterschelde, where Crepidula may settle in 
great numbers, but where it always disappears within a few weeks. 
Practical oystermen claim that those beds are too “‘sharp’’, i.e. many fine 
angular sand grains are swept around there in the water layers close 
to the bottom. It is assumed that young Crepidula cannot survive on 
such grounds. Scientific investigations have not yet been carried out on 
the causal relation between the ‘‘sharpness”’ of aground and the survival 
rate of young Crepidula, tiny oysters, and other molluscs. 


Tergipes despectus (JOHNSTON). 


For the sake of completeness I mention that one specimen of this Nudi- 
branch Gastropod, identified by Dr H. ENGEL, has been found on my 
oysters at Yerseke: 1942, oysters born in 1940, 30/6 (1). 
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LAMELLIBRANCHIATA 


Mytilus edulis L. 


Though tremendous quantities of mussels are grown in Zealand waters, 
and though the larvae of Mytilus usually abound in the plankton of the 
Oosterschelde, spatfall of Mytilus occurs only locally and occasi- 
onally there. We know very little about the conditions which suit the 
mature mussel larvae and the early benthonic stages of Mytilus edulis. 
Judging from experience gained with the French ‘‘bouchots” and from 
the opinion of our practical oystermen, we are inclined to assume that 
the presence of Hydroids is of the greatest practical importance in the 
settling down of mussel larvae. Though occasional young mussels may 
settle down in many places (e.g. in the trays of the oystermen, placed 
off Yerseke, and sometimes on tile-collectors), mass-settlement of 
mussel-seed is exceptional in the Basin of the Oosterschelde. There 
are old records of mussel-seed covering oysters there in such quanti- 
ties that the oysters were threatened with smothering. In recent years I 
heard of mussel-seed settling profusely on oysters in only one plot. 
Unfortunately I heard of it too late to investigate whether or not a 
dense growth of Hydroids had preceded the settling of Mytilus. Buoys 
floating in the immediate vicinity of the oyster-beds, the anchor-chains 
of those buoys, and similar objects, may be crammed with mussel-seed 
while the oysters nearby do not suffer at all. The officers of the Zealand 
Fishery Police claim that in those cases too, profuse settling of Hydroids 
on the iron substrata preceded the mass-attachment of mussel-seed. 
While investigating whether or not development of beds of seed-mus- 
sels is to be expected, the above mentioned officers look for Hydroids 
and feel with their fingers for the still very tiny mussels. 

A few specimens of Mytilus edults settled on my experimental oysters: 


Year | a. | Period 
born in 
oe, 1947 from 30/6 regularly a few 
1940 SHI (OD)5 2283/77 (1) 


1942 


Anomia ephippium L. 

In the French oyster districts, especially in Brittany, Anomia ephippium is 
a real oyster pest, settling down on the collectors, and thus taking the 
place meant for the oyster spat. Others settle down on, and thus pos- 
sibly compete for food with, the oyster. In detaching the oyster spat 
from the tiles most of those “‘luisettes’’ are left behind. Those which are 
detached with the young oysters die soon for lack of substratum. 
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Attached to French oysters, Anomia ephippium, known among the 
Dutch oystermen as the ‘‘French slipper”, has been introduced into 
Dutch waters. It does not thrive there as a rule and its reproduction is 
exceptional. In December 1937 I found a young specimen attached 
to a Dutch tile collector. After the warm summer of 1947 young 
specimens of Anomia ephippium could be found in fair numbers on mussel 
shells broadcast on the plots as collectors (KoRRINGA, 1948). I do not- 
believe that the hydrographical conditions prevailing in the Ooster 
schelde suit Anomia ephippium. 


Ostrea edulis L. 


On natural oysterbeds the new growth shoots of the adult oysters are 
probably the only clean and hard objects oyster larvae do encounter. 
The new grown shell of an oyster therefore is the most natural collector 
for the young spat of Ostrea edulis. Young specimens of Ostrea edulis did 
occasionally settle down on my experimental oysters at Yerseke, I did 
not, however, keep a constant record of this, so that Ostrea edulis cannot 
be found in the tables. Their number was small. The warm summers of 
1941 and 1944 gave a fair set. 


Tapes pullastra (Monrv.) 


Young and very young specimens of Tapes pullastra can be found at- 
tached with byssus-threads to many different objects. It occurs on tile- 
collectors, and also on the lime coated glass slides we use to measure the 
intensity of the setting of oyster spat. Sometimes an ocacsional speci- 
men, very small as a rule, attaches itself to the shell of an oyster. 

On my experimental oysters I found it on 1-9-1941 on oysters born 
in 1940. I also found it on oysters kept in a tray at p. 551 (21-10-1940, 
5 on 25 oysters), and on oysters taken from p. 417 (21-10-1940, 2 on 10 
oysters). Its occurrence in the biocoenosis of oyster-shells is no doubt of 
limited ecological importance, and of short duration only, as Tapes 
burrows in the soil eventually. 
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PHYLUM TENTACULATA 
BRYOZOA ECTOPROCTA 


Bugula plumosa PALLAS 


The vertical walls in the tidal basin used at Yerseke showed a profuse 
growth of Bugula plumosa. Sometimes I detected the colonies of this 
Bryozoan on my experimental oysters, viz.: 


Oysters : 
Year onan Period 
1942 194] few but regularly since 8/7 
1942 1940 22/9, 29/9 
1943 | 1942 few but regularly 
1943 194] 8/6, 23/8, 27/9, 6/10 
1944 1943 | few but regularly since 22/6 
1945 1944 very few only 


These data and the occurrence on vertical walls suggest that Bugula 
larvae prefer to settle on relatively clean objects. Young oysters offer a 
higher percentage of clean new shell growth than older oysters do. 
Settlement of Bugula, and subsequent development of its colonies oc- 
curred during the summer season. I rarely or never found Bugula on 
oysters taken in other stations in the Oosterschelde. 


BRYOZOA ENDOPROCTA 


Barentsia gracilis SARS 


Occasionally I found colonies of an Endoproct Bryozoan on my oysters, 
which have been identified as Barentsta gracilis by Dr A. G. VORSTMAN. 
Observation under water reveals that the individuals of a Barentsta 
colony often jerk their heads, especially when disturbed. 

On my experimental oysters I found Barentsia on the following 
occasions : 


Year abe | Period 

1941 1940 | 24/7-10/9 

1942 1941 22/6-1/9 regularly a few 
1942 1940 | regularly a few 

1943 1942 15/6—29/6 

1945 1944 18/6—25/6 


and none on my other series. 

New colonies evidently are formed in early summer. Rarely or never 
did I find Barentsia on oysters taken in other stations, but it does occur 
on tile-collectors occasionally. 


126 P. KORRINGA 


PHYLUM ECHINODERMATA 
ASTEROIDEA 


Astertas rubens L. 
The common starfish is very abundant in the Zealand waters as else- 
where along the Dutch coast. Only through regular cleaning of the 
beds do the mussel farmers manage to limit the damage caused by 
Asterias rubens. Though the starfish does occur on the Dutch oyster beds, 
the number of adult oysters devoured is no cause for serious anxiety. 
The starfish apparently prefers mussels for its diet, or encounters less 
difficulty in opening them. Serious damage can be done by young and 
very young starfishes among the tiny oyster spat on the tile-collectors. 
A regular inspection of the collectors is a necessity, and in case of 
abundance handpicking of starfishes pays. 

Important points in the biology of the starfish are still rather obscure. 
I presume that a starfish paralyses its victim at the very moment when 
the mollusc — embraced by the starfish — opens its shells a little bit to 
find out whether the danger is still there. Force exercized by the am- 
bulacral feet presumably is of minor importance only. Our fishermen 
claim that starfishes migrate to other feeding grounds by producing gas 
and floating along the surface. Floating starfishes, containing a gass- 
bubble have often been observed, sometimes in great numbers to- 
gether. It is not yet clear whether this is a normal and reversible state or 
a pathological condition, leading to the starfish’s death. 

Very occasionally I found some young starfishes on my experimental 
oysters: 


; Oysters | 
Year | ro | Period 


1945 | 1944 | 18/6 (3), 3/7 (1), 24/7 (3), 
13/8 (1) 


There were none on my other series. 

That young starfishes were especially abundant in the year 1945 can 
be explained by the occurrence of unusually large numbers of adult 
starfishes in the Zealand waters which no doubt produced countless 
starfish larvae in the warm summer of 1945. Lack of fuel and of ade- 
quately equipped vessels cut down starfish control in the war years. The 
Zealand mussel farmers had been totally unable to clean their beds 
from starfishes in the season 1944-1945, because of war conditions, 
which turned the Zealand waters into a “‘no-man’s-land” for many 
months. Some time after the termination of hostilities the mussel beds 
were cleaned of starfishes by a well co-ordinated simultaneous dred- 
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ging, in which all available vessels participated. That broke the tempo- 
rary domination of starfishes on the mussel beds. Since then the mussel 
farmers have been able to keep their numbers well below the danger 
level. I therefore disagree with BURKENROAD (1946), who suggests that 
fluctations in abundance of starfish are predominantly a natural pheno- 
menon, and that measures of control have but a very limited effect. 


Ophiothrix fragilis (ABILDGAARD) 
An occasional young individual of the brittle-star has been found on 


my experimental oysters. No doubt it is an accidental visitor in this 
habitat. 


Year | oa Period 

1941 | 1940 21/10 (1 juv.) 
1941 1939 21/10 (2 juv.) 
1943 | 1941 10/9 (1 juv.) 


PHYLUM CHORDATA 


TUNICATA 


Attached to oysters and collectors in the Oosterschelde one may find 
the following Tunicates: 


Ascidvella aspersa (O. F. MULLER) 
Molgula tubifera (ORSTED) 

Ciona intestinalis L. 

Botryllus Schlosseri (PALLAS) 


Ascidiella aspersa is often very numerous and then may smother the 
young oyster spat on tiles and shell-collectors. It is therefore considered 
as an oyster pest. The abundance of Ascidiella varies considerably, how- 
ever, and in many years it is hardly noticed by the oystermen. I never 
found it attached to my experimental cysters at Yerseke. 

Molgula tubtfera is rarer than Asctdiella aspersa, and occurs occasion- 
ally in single individuals on tile-collectors. I did not find it on my ex- 
perimental oysters. 

Ciona intestinalis. On October 16, 1950, I detected a fair number of 
Ciona intestinalis, attached to lime-coated tile collectors, placed in the 
Zandkreek. I had never seen it before from Dutch waters. I did not 
find it on my experimental oysters. 

Botryllus Schlossert may grow in large colonies on tile collectors and on 
the wood and wire netting of oyster trays. Sometimes it settles also on 
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oyster shells. Botryllus may smother young oysters, and therefore is 
listed among the oyster pests by the Dutch oystermen. It is my impres- 
sion that it settles by preference on oysters and trays in stations where 
low current velocities prevail for many hours. 

I found it on my experimental oysters fairly regularly in the year 
1943, on oysters born in 1941. I did not find it on my oysters in other 
years, but often encountered it on tiles and trays in other stations. The 
oyster basin at Bergen op Zoom is notorious for the abundance of 
Botryllus. 


DISCUSSION 


The present investigations revealed that exterior surfaces of the shells of 
living oysters may be inhabited by a fauna both rich in species and 
individuals.. Reconsidering the data collected in the tables, I believe it 
is no exaggeration to say that the epifauna of the oyster is amazingly 
rich. This is the more surprising since the investigations were carried 
out in the years 1940-1945 inclusive, in which period we had to endure 
several unusually severe winters, viz.: 1939-1940, 1940-1941, and 
1941-1942. As can be seen in the temperature tables, water tempera- 
tures came down for prolonged periods to levels far below the average. 
Huge quantities of ice floes overturned the superficial layers of many 
shallow grounds and scraped the sea-weed form the dykes. These 
winters seriously affected a number of marine vertebrates and inverte- 
brates otherwise common in Dutch inshore waters. The members of 
the oyster’s epifauna discussed in this paper most probably were not 
affected noticeably by these severe winters, for the years 1944 and 1945 
were by no means richer in species or individuals than the years im- 
mediately following those winters. 

It is interesting to note that the oyster’s epifauna is not just a small 
scale representation of the ususal bottom fauna of the district con- 
cerned. ‘That species adapted to a life in sand or mud deposits do not 
consider the oyster’s shell as a suitable substratum, is not surprising. 
Stull, occasional individuals of such species may be found on the oyster’s 
shell, especially in the very modest deposits of mud and sand between 
the scales of the oyster’s flat valve. I presume that young individuals of 
such species do recognize whether or not the type of sediment found 
provides micro-ecological conditions suitable for the species, but that 
they fail to recognize whether there is enough of it for the establishment 
of a normal existence. 

More interesting is the fact that several species abound on oyster 
shells, but have rarely or never been collected outside this very special 
habitat. Some species, thus far never found in Dutch waters, or con- 
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sidered as rare, appear to live in great or moderate numbers as epi- 
bionts of the oyster. It is difficult to see why. Evidence has been put 
forward that the factor of shelter is predominant in this respect. 

As my investigations were carried on during several years, and as 
many samples of oysters from other stations have been included, I 
believe that the picture given of the oyster’s epifauna in the Ooster- 
schelde is fairly complete so far as the listing of species and the enu- 
meration of individuals goes. I do not believe that the extension of the 
investigations over still more years or the inclusion of more stations in 
the Zealand waters could have brought about material changes in the 
picture given. It is to be expected that an epifauna of a different com- 
position will occur in other oyster regions. The oysters of the French 
districts, for example, will most probably be inhabited by several 
species which cannot endure the low water-temperatures recorded in 
winter at Yerseke. Other ecological factors too will cause differences in 
the oyster’s epifauna. In many of the French districts the oysters are 
grown on intertidal flats, which is very unsuitable for many of the 
species of epibionts. Oysters from the scanty remains of the French 
natural oyster beds usually live in deeper water, but are often subject 
to far greater changes in salinity than the Oosterschelde oysters, which 
may reduce the number of species of epibionts. Very special conditions 
prevail among the oysters hanging from racks in the Etang de Thau on 
the French Mediterranean coast. Ascidians predominate there. Also 
oysters grown in suspended trays in Norwegian waters will show an 
epifauna different from that of the oysters in the Oosterschelde. An 
occasional observation has shown me that Ascidians, Hydroids and 
Nudibranch Gastropods abound there on the oysters. 

Though I claim that the picture given will be fairly complete for the 
district under consideration so far as the number of species and indivi- 
duals go, I must confess my ignorance on many points of the economics 
of the system studied. I do not yet understand how such an amazingly 
rich epifauna can support itself on the shells of the oyster. I was unable 
to find an answer to many of the questions raised: 

CO,-assimilation by green plants residing on the shells of the oysters 
is probably not of any appreciable importance in the economics of the 
biocoenosis studied. Plants bearing chlorophyll or similar pigments 
have rarely or never been encountered on the experimental oysters. 
The oysters lived in dim light only, as the lids of the trays became 
clogged up and smothered by all kinds of growths and deposits. ‘The 
oysters taken from the plots came from fairly deep levels where light is 
subdued owing to the rather turbid water of the Oosterschelde. 

The possibility that the oyster itself contributes to the fertility of the 
system under consideration by putting down on the shell its pseudo- 
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faeces and faeces, is limited, for those products are not usually deposited 
on the shell and only in overcrowded trays placed in rather quiet waters 
have they a chance to drop and stay on the shells of other oysters. 

It is probable that few of the members of the oyster’s epifauna use the 
the oyster’s shell as a shelter and base of operations only, and crawl 
away from the oyster in search of food. A comparison of oysters kept in 
trays with those from the plots of the oystermen indicates that this can 
hardly be a factor of any importance. 

Though several of the more abundant inhabitants have been studied 
in greater detail, not the slightest indication has been obtained that any 
of those species finds its source of food in the living tissues of the oyster 
itself; so far as I am aware parasitism is not in question. 

The epibionts of the oyster, which secure their food in some way or 
other from the plankton of the surrounding water are limited in num- 
bers. Of the more important plankton feeders I can mention Folliculina, 
Haliclone limbata, scyphistoma of Aurelia aurita, Polydora ciliata, and Barent- 
sia gracilis. It is highly improbable that this group provides the broad 
food basis necessary for all the other members of the oyster’s epifauna, 
since in other stations with an equally rich epifauna Haliclone, Aurelia- 
scyphistoma and Barentsia did not occur. It seems hardly possible that 
Folliculina and Polydora can feed such a vast number cf predators as are 
found on the shells of the oyster. 

It is difficult to say in the present state of our knowledge which of the 
other creatures are purely predatory, and which feed on detritus. Some 
detritus is deposited on the shells of oysters by the tidal currents. Even 
where strong tidal currents prevail during several hours a day, some 
silt loaded with detritus particles will be deposited on the shell of the 
oyster. It is possible that this is a source of food of some importance in 
the system under consideration. 

Thoug1 several members of the epifauna are definitely of the pre- 
datory type, I do not know on which victim they specialize. No- 
evidence has been collected to show that the predominance of certain 
species b-ought about a noticeable decline in the numbers of other 
species. Even huge numbers of Aurelia polyps, armed with their danger- 
ous nematocysts, did not seem to have a deleterious effect on other 
members of the oyster’s epifauna. Though the many different species 
live very close together on the oyster’s shell, mutual relations were not 
very obvious. Tnough some species did exceptionally well in certain 
years, it is difficult to ascribe this to favorable temperature conditions, 
abundance of food, or lack of predators. 

Only of two members of the oyster’s epifauna can it be said that they 
may give cause for anxiety from the point of view the oyster, e.g. Clione 
celata and Polydora ciliata. Both may dig their burrows so deep or be so 
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numerous in the shells that the oyster’s well-being is endangered. Poly- 
dora hoplura, which crawls in between the mantle and the shell of the 
oyster, so far does not occur regularly in the Oosterschelde. 

Summarizing I must confess that I have but a poor understanding of 
the economic system on which the surprizingly rich epifauna of the 
oyster’s shell is based. The factor “‘shelter’’ no doubt is of primary im- 
portance in the system, but besides that there must be sufficient food 
available to feed the many creatures living there. I can hardly believe 
that the number of filter feeders and detritus consumers encountered is 
sufficient to feed the many predators found. 

We should add, however, that it has always proved to be extremely 
difficult to obtain a good quantitative picture of the food balance in an 
inshore marine biocoenosis. Our knowledge of the food habits of 
marine invertebrates is still very fragmentary. We know little or nothing 
about the daily requirements of the different species. What do we know 
about the achievements of filter feeders ? Do we possess any quantitative 
data on the amount of detritus available in inshore waters, and on the 
digestibility of the different components of this detritus ? It is certainly 
doubtful whether the fragments of old peat, so often encountered in the 
Oosterschelde plankton, are of any use to invertebrates. We are in- 
clined to overestimate the importance of the net-plankton and to under- 
estimate that of the nanno-plankton. We ignore the presence and 
importance of minute particles of organic material, not detected with 
the microscope, but possibly highly interesting to several marine in- 
vertebrates. As we are moreover too easily inclined to think in terrestrial 
proportions, we can hardly hope to obtain a complete quantitative 
picture of the food balance of an inshore marine biocoenosis in the 
present state of our knowledge. 

The present study does contribute materially to our knowledge of the 
season and methods of reproduction of several of the members of the 
oyster’s epifauna. 


SUMMARY 


Field investigations carried out in the Oosterschelde (Holland) on the 
epidemiology of shell disease in Ostrea edulis, revealed the presence of a 
rich fauna on the shells of living oysters. Invertebrate animals from 
many different groups appeared to belong to the oyster’s epifauna. 
Polychaete worms predominated both in numbers of species and indi- 
viduals. 

Quantitative data from weekly samples were collected during 5 con- 
secutive summer seasons. These data provide interesting information on 
the season and methods of reproduction of the species concerned. 
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The oyster’s epifauna differs noticeably from the usual bottom fauna 
in the district under consideration. Several species appeared to live by 
preference in this very special habitat. 

Evidence is adduced that the majority of the members of the oyster’s 
epifauna come from the plankton. Experiments with wooden boxes 
fitted with wire gauze of different mesh size, demonstrated that many 
of the planktonic larvae do not hesitate to crawl through narrow aper- 
tures, and that few, if any, animals settle down on oysters as full grown 
adult individuals. The members of the oyster’s epifauna are not acci- 
dental visitors, but permanent residents. 

Experiments with living oysters and shells of dead oysters demon- 
strated that adequate shelter is the most important factor in the habitat 
under consideration. No evidence could be adduced that any of the 
members of the oyster’s epifauna lives parasitically on the living tissues 
of the oyster. There is no proof that the oyster contributes materially 
to the fertility of the system by depositing faeces and pseudo-faeces. 

An annotated list of species encountered is given. Species of micro- 
scopical dimensions are not included. So far as the quantitative data 
collected in the tables allow, and so far as other observations and in- 
formation go, conclusions have been drawn on the season of reproduc- 
tion and on other biological topics of the species concerned. In some 
cases morphological details have been given. 

A complete picture of the food balance of the system studied cannot 
yet be given. 


REFERENCES 


ANDRE, M. & Lamy, E., Les Acariens parasites des Mollusques. Journ. de Conch., 
74, 199-221, 1930. 

Baas Becxinc, L. G. M., Geobiologie. Den Haag, van Stockum, 1934. 

Baster, J., Natuurkundige uitspanningen, behelzende eenige waarneemingen over 
sommige zee-planten en zee-insecten, benevens derzelver zaadhuisjes en eyer- 
nesten, Haarlem, J. Bosch. 169 + 167 p.p., 1759. 

BranpT, TH. von,. Stoffbestand und Ernahrung einiger Polychaeten und anderer 
marinen Wirmer. Zeitschr. Vergl. Physiol., 5, 643-698, 1927. 

Burcers, J. M., Over de poliepen van de oorkwal (Aurelia aurita L.). De Levende 
Natuur, 48, 129-133, 141-145, 1944. 

BurKENROAD, M. D., General discussion of problems involved in starfish utilization. 
Bingham Oceanographic Collection, Bull. 11, No. 3, 44-58, 1946. 

ByTinsk1-SAuz, H., Un Policlado (Stylochus pilidium LANG) dannoso ai parchi ostricoli. 
Thalassia, 2, 1-24, 1935. 

Carazzi, D., Revisione del genero Polydora Bosc e cenni su due specie che vivono 
sulle ostriche. Mitth. Zool. Stat. Neapel, 11, 4-45, 1893. 

Das, S. M. British Folliculinidae (Ciliata, Heterotricha). Journ. Mar. Biol. Assoc. 
U.K., 28, 381-393, 1949. 

DersLANDEs, H. F. B., Eclaircissements sur les oiseaux de mer et sur les huitres. Re- 
cueil de différens traitez de physique et d’histoire naturelle. Paris, pp. 197- 
O14, 730: 

Doutrus, R. Ph., Résumé de nos principales connaissances pratiques sur les maladies 
et les ennemis de l’huitre. Not. Mém. Off. Sci. Techn. Péches Marit., No. 7, 
1-46, 1921. 

FAvuVEL, P., Polychétes errantes. Faune de France No. 5, Paris, 1923. 

FAuVEL, P., Polychétes sédentaires. Faune de France, No. 16, Paris 1927. 

Ferronieres, G., Etudes biologiques sur les zones supralittorales de la Loire-In- 
férieure. Bull. Soc. Sci. Nat. de l’?Ouest de France, Nantes, (2), 1, 1-451, 1901. 

Grarp, A., Deux ennemies de l’ostréliculture. Bull. Scient. Départ. du Nord, 4 
(13), 70-73, 1881. 

Gravier, Cu., Sur le commensalisme de |’Eunice Harassii Aupouin & MILNE Ep- 
WARDs et de I|’Ostrea edulis L. Bull. Mus. Hist. Nat. Paris, 4, 415-417, 1900. 

Haran, O., The marine Annelids of North Carolina. Duke Univ. Marine Station, 
Bull. 2, 1-51, 1945. 

Haswe.i, W. A., On a destructive parasite of the Rock Oyster. Proc. Linn. Soc. 
N.S. Wales, 11, 273-275, 1885. 

HeEMPELMANN, F., Zur Naturgeschichte von Nereis Dumerilii Aud. & M. Edw. Zodlo- 
gica, 62, 1-135, IgII. 

Horx, P. P. C., Schaaldieren in de Oosterschelde. Tijdschr. Ned. Dierk. Ver. Suppl. 
Vol. 1, 516-545, 1884. 

Hoek, P. P. C., Oesters met zieke schelpen, maladie du pain d’épice. Tijdschr. Ned. 
Dierk. Ver. (2), 1 CLXXIX-CLXXX, 1887. 


134 THE SHELL OF OSR EBAY EDU Tis eA AE ASB ies 


Hoek, P. P. C., Rapport over de oorzaken van den achteruitgang in hoedanigheid 
van de Zeeuwsche oesters. s’-Gravenhage, Ministerie van Waterstaat, Handel 
en Nijverheid, 168 pp, 1902. 

Horst, R., Anneliden der Oosterschelde. Tijdschr. Ned. Dierk. Ver. Suppl. Vol. 1, 
550-557, 1884. 

Horst, R., Naamlijst der tot de Nederlandsche fauna behoorende Annelida Poly- 
chacta. Tijdschr. Ned. Dierk. Ver. (2), 5, 15-28, 1896. 

Horst, R., Bijdrage tot de kennis der Anneliden van de Nederlandsche kust. Zool. 
Med. R. Mus. Leiden, 5, 1-3, 1919. 

Horst, R., Polychaete Anneliden verzameld door het Rijksinstituut voor Biologisch 
Visscherijonderzoek. Zool. Med. Rijks Museum Leiden, 5, 231-235, 1920. 

Horst, R., Polychaete Anneliden. Flora en Fauna der Zuiderzee. 262-275, 1922. 

Korrinca, P., Relations between the moon and periodicity in the breeding of 
marine animals. Ecological Monographs, 17, 347-381, 1947. 

Korrinca, P., Anomia ephippium L. De Levende Natuur, 51, 159, 1948 

KorrinGa, P., On the nature and function of ‘‘chalky’’ deposits in the shell of Ostrea 
edulis Lu. Proc. Calif. Acad. Sci. (4), 27, 133-158, 1951. 

Lamy, E. & Anprt, M., Annélides perforant les coquilles de Mollusques. Intern. 
Congr. Zool. Lisboa; 946-968, 1937. 

Leoup, E., Les dégats causés par le ver Polychéte Polydora ciliata (Johnston) dans les 
coquilles des bigorneaux et des huitres. Bull. Mus. Hist. Nat. Belg., 13, 33, 
1-4, 1937 . 

Letovp, E., La flore et la faune du Bassin de Chasse d’Ostende (1937-1938). Mém. 
Mus. Roy. Hist. Nat. Belg., 94, 1-122, 1940. 

Loosanorr, V. L., & ENGLE, J. B., Polydcra in oysters suspended in the water. Biol. 
Bull., 85, 1, 69-78, 1943. 

MclIntosu, W. C., On the boring of Polydora in Australian oysters. Ann. Mag. Nat. 
Hist. (7) 9, 299-308, 1902 

Mepcor, J. C., Dark-meat and the shell disease of Scallops. Progr. Reports Atl. Coast 
Stations, Canada, No. 45, 3-6, 1949. 

Mryazakt, I., On the fouling organisms in the oyster farm. Bull. Jap. Soc. Sci. Fish., 
6, 5, 223-232, 1938. 

Moestius, K., Ueber die Thiere der schleswig-holsteinischen Austernbanke, ihre 
physikalischen und biologischen Lebensverhaltnisse. Sitzungsber. Kgl. Pr. 
Akad. Wiss. Berlin, 8, 67-92, 1893. 

NEWELL, G. A., A contribution to our knowledge of the life hisotry of Arenicola 
marina L. Journ. Mar. Biol. Ass, U.K., 27, 554-580, 1948 

Oxapa, Y. K., Feeding organs and feeding habits of Autolytus Edwardsi St. JOSEPH. 
Quart. Journ. Micr. Soc. N.S., 72, 219-245, 1928. 

Oxapa, Y. K., Syllidian miscellany. Journ. Mar. Biol. Ass, U.K., 18, 641-653, 1933a 

Oxapa, Y. K., Two interesting Syllids with remarks on their asexual reproduction. 
Mem. Coll. Sci. Kyoto., 8, 325-338, 1933b. 

Regs, J. VAN, Protozoen der Oosterschelde. Tijdschr. Ned. Dierk. Ver. Suppl. Vol. 
1, 592-672, 1884. 

RuuMBLER, L., Amoebozoa et Reticulosa (Foraminifera). 1. Die Tierwelt der Nord- 
und Ostsee, Bd. 1, 2a, 1-26, 1928. 

Scuoppuyn, R., Observations biologiques marines faites dans un parc a huitres. 
Bull. Inst. Océanogr. Monaco, No. 498, 1-44, 1927. 

ScHoppuyn, R., Observations sur la flore et la faune des coquilles des huitres. Bull. 
Inst. Oceanogr. Monaco, No. 568, 1-20, 1931. 

SGHUURMANS STEKHOVEN, J. H., Nematoden und Austern. Zool. Anzeiger, 137, 
181-185, 1942. 


P. KORRINGA 135 


SODERsTROM, A., Ueber das Bohren der Polydora ciliata. Zool. Bidrag Uppsala, 8, 
319-326, 1923 

THorson G, Reproduction and larval development of Danish marine bottom inverte- 
brates. Medd. Kom. Dan. Fisk og Havsunders. Ser. Plankton 4; 523 pp., 1946. 

TopsEnT, E., Contribution a l’étude des Clionides. Arch. Zool. Exp. (2), 5, 1-165, 
1888. 

Topsent, E., Deuxiéme contribution a l’étude des Clionides. Arch. Zool. Exp. (2), 
19, 555-592, 1891. 

‘Topsent, E., Etude Monographique des Spongiaires de France. II]. Monaxonida 
(Hadromerina). Arch. Zool. Exp. (3), 8, 1-331, 1900. 

TopsEenT, E., Eponges silicieuses, Clione celata (GRANT 1826). Zoologie descriptive des 
Invertébrés, Paris. pp. 148-174, 1900. 

VERRIL, A. E., Report upon invertebrate animals of Vineyard Sound and adjacent 
waters, with an account of the physical character of the region. U.S. Comm. 
Fish., 1, 295-778, 1873. 

VERWEY, J., Die Periodizitat im Auftreten und die aktiven und passiven Bewegungen 
der Quallen. Arch. Neerl. de Zool., 6, 363-468, 1942. 

VERWEY, J., Na het land de zee! In het voetspoor van Thijsse. Wageningen, Veen- 
man & Zn., pp. 403-412, 1949. 

Vos, A. P. C. pe, Chaetopoda. Flora en Fauna der Zuiderzee, Supplement, 85-06, 
1936. 

Vos, A. P. C. pz, Contributions to the Copepod fauna of the Netheriands. Arch. 
Neerl. de Zool., 7, 52-90, 1945. 

Vos, A. P. C. pe, & Repexs, H. C., Bijdrage tot de kennis van de microfauna der 
Groninger en Uithuizer Wadden. Hydrobiol. Club., Amsterdam, Bull. 3, 1-31, 
1941. 

VosmaErR, G. CG. J., Sponzen uit de Oosterschelde, Tijdschr. Ned. Dierk. Ver., 6, 
52, 1882. 

RieareteCce: T., Report on the worm disease affecting the oysters on the coast of 
New South Wales. Rec. Austral. Mus., 1, 41-54, 1890. 

ZERNOV, S. A., (Contribution to the knowledge of the life of the Black Sea). Mem. 
Acad. Imp. Soc. St. Petersbourg, 32, 1, 1-299. (In Russian), 1913. 


“5 5 + pyNNAgUiA QOYTOULIOET 
yt ss + + ssngnuonbs sngouopidaT 
:ejavyosjog 
- + snqnjound snysuoyjuvs0a01q 
sot ss guusofinrf puyouojsCngy 
"rot os 5 8 sasuaanmys snuimjoysucC 
sos ts ss snosnf snunpjoysuopy 
sor sss ts 8 srumuuos snygoug 
> Bpo eWay 
Foe ee 8 8 + gagna snoury 
2 TUT] IOI NT 
sotto r ss 8 pguia auaunpoig 
Fonte ee 8s puny pyaing 
: 81819} U9[IO') 
sort ss 8 + ppquiag au0j91.0ET 
:BIIJIIOg 
"+ pynduw vuynayjoq 
AENISO) 
PERCE A EAGLES) 
: BIQJIUIUILIOT 


(,w19) 19}sA0 sad sovyans [JOYS JO val 
D of £1 148M oytoads 


r), oanqesodura} 1978 \\ 


ieee ii = 3 it ae ene = 
I j Or g ¢ & I ¢ &  |(cant) {Canty T}(canl) F\Canl) pl(canf) p]Canl) [](-ant) [] — a 
= | ol == |) Geil £ : 
CS) I SI = 
E 5 1 SW ice th == 
= Swi owl = as 
_ (Ant) I —— — (anf) vA (ant) G (anf) ] (cant) g (anf) if — —- —— — 
=e g I = I = I : 
4 + — — a te — + 
+ + +f af ot tr Se Far + 4 + + ote = 
(8) + (8) ++](8) ++|(8) ++] (8) + | (8) 4 1 ets + te = = 
Bae ll aeersmlleacse wade eae Seis Ss laa wesc Pit spae |) ara IP ses a4 iets + + = ae 
For Meee esece yf see emai canst | seas yf arr I= + oP st a “Ip 
a Nn ee ee ee ee ———————— 
GF Ga L¥ IF OF LY G7 8S cs 6§ 6§ 0g LZ 0Z 9I LI 6 L 
C610'1/S0Z0'°1 01 Z0' 1/01 Z0°1|01Z0'T|00Z0'1/00Z0'1|00Z0'1|G0Z0'1|S0Z0'1\G0Z0'1|S0Z0'T'01Z0'1T'S1Z0'1\S1Z0 1\S160 1/S0Z0'T S610'! 
SO; oS | o£ TT \cO°GTA 2 GIcSlOL eQsOlllnee OleOle ocean pe OsenltcGLOGIlte Ollie aGGllecOlOl aie call Galuc ORIN sllee 
ZI. | 11/% |ot/1z\ ot/9 | 6/zz | 6/or | 6/t | s/sz | s/et | eft | zits | c/re | cizt | clot | Lim | 9/sz | 9/91 | S/0E 


eq 


juepunqe +++ ‘staquinu o}esJapour + + ‘orer ynq qusssid + Guosqe — 
“TE6I-OI-1z ulseq aaqsko wi007 do uaSr19g dy} 0} porraysuesy S19}SKO YIM SABLT, “1 PEI-G-OE 242840 A Ye paoeyd s19yskO 


‘skvay uo day pur “QFE Ut UIOq ‘s19}shO0 QG Jo saydures Jo vuneyidy “] FE] ‘.3IN- 


Te Vins 


MEST .< OJPSIOA 


(OFGI) IF6I 


(ant) I 


= “ [ + + - : 
= a I I 
Ep es ve Oe Sey 
(anf) 9 
—— — I = 
I I I <a ee I I a ors ar I 
Se LG PRS FS A a OST te Neva ene 
St lea ee a ae Wes aa a 
st = abet Gteat Eo} seat Hears mail ag 5 oe =I ala a + 5 a — 
Be Se he) 80 z I : 
: ; (ant) Cant) | 
I I 
aa & G Gi Ol il FI alt él Si (i LG 96 04 ¥G FG OI G 
os G G §) ‘. : 
I G Ol G SI él Il 81 6 Or 9 61 OL IGARDEG 
= v S I 9 G L G 6 i v 61 ST 66 G v = I 
I = G 
a I I I 6 I =< G is 6 a = 
= = I 
I = = 6 & a & G G 6 G 8 Ol $) 
- € & I I ane I G = I a i G I 
7 = = I = oh I I = — & & ‘ 
9F | OOT S6 OL 06 98 | OIT I8 Ih OL &L OF 9& LI = I G — 
G LG tS ZI 16 GG HEN II SI It SY vS bY OCG CAC OE Ola a 


* sypiouf xrayjory{o 
:e]VULIIpOUTYyO| 

"tt ts 8 sips Disquaiwg 
:vozoAIg 

sngopouad snjyGoavpo,goury 

* SLUqsodunalg auanog 
:epruosousk g 

"5% spuanu saprusivry 
:epodeoaq 

DISNIO] SNADULULD) 

* vginj0j)Cas sisdonaposnpy 

" * wnsisnsaysv umiygo.s0ry 
:epodrydury 

‘saprorg.ioos pi.uyopog 
?va0eUINH 

sou vipadisuoT 
:epnoedrepzy 

ssauqur DYIUOIOXOT 
:BpooesysE 

* 1auojsuyo apraqryquapy 

"8 puripue vjooiua.ly 

* vyvyyi9 vLsopdjog 

* Mjpasauingy srasaudqoyg 


DIULIING S1a1aVf 
Snavyuviny snjidjojnyy 
"5 ss 8 snanusoa sngdjomny 

SICH ra Cie Gin jog auoagst 
* * psuop auoagayt 
vauinsuvs viyvingy 
* “STpi4ia DyDINT 
Dyvjnoput as0ponj yg 
st tt 8 symnuns gopoyg 


induin AAMIAIN IME 


at ge ss eee 


Ol 9t ble eter Fr 8 fo WI a 
eG 5g 
= 21 b1 PI 
I 
(ant) | 
= (ant) | PI — — 
= 41 — cant []Cant) TI6T 22 
dI om | = lh | = — d¢ Sd PT; 
— == Ossett) 7 
(ant) 
(ant) T]Canf) Z| — |Cant) ¢| — |Canf) [\(anf) Z/(‘anfl) £ (yee = CN) a 6 I rey I 
= all 
I 
re j g 6 j ¢ = 6 Z I § 9 g 6 g I j I 
I z fies 
af + a ae = 
Pap lh araren lar sramli arses \ecaete \paraetr || etc) sae emese Ware Pie ar 
(8) + |(8) +4] (8) (8) |(8) ++] (8) (8) |(8)++](8) ++] (8) 4 b +P + 
setecte dette ate eRe | arse 
3 ate eae aes Bae |i sede || aes oe af +e +f F ae ae an ci = = 
+ eae a apse [| Skeap all arse |) cess 1 its 4 ote Ea fle oe Poe 
ial = hae | = OF 
6610°1/S0Z0'1 01 Z0' 1/01 Z0' 1 /01Z0'1|00Z0' 1 00Z0°1!00Z0'1|G0Z0'T G0Z0'T|G0Z0'T|G0Z0'T| 1ZO'T |G1 ZO G1Z0'|S1Z0'1}G0Z0'°T|S610'T 
BO | oie | of211 || 60'S) cS | cSsOL | OO ce On cOve De Gaeta cO Silo: OGiltg nO Gallte4eGG) taOlOlluocalGllecOR I nic OLGI 
zie | 11/¢ |ot/iz| ot/9 | 6/zz | 6/ot | 6/t | s/sz | s/et | /tt | z/tg | z/ve | c/zt | c/o | LiF | 9lsz | 9/9 | sloz 


juepunqe +-+-++ ‘sroquimu oyesiepour ++ ‘orer ynq yuosaid + “yuasqe — 
IF6I-OI-1z W007, do uasiog 0} possaysuety, 


[FGI-C-0E 24es8104 1e pooridoy ‘ur00z do usSiag 7 UISe UT [¢6[-OFGI JVUIM OFET UE oYestoX 7 shvsq uO ydoy s19}shQ 
‘sXvay uo }day pur “GEG Ut UIOG ‘s19}sXko QE Jo soduies jo vuneyidy “[ PFE] “.am-ylryy,, “Oyosta A 


NA TaAV AL 


—SNYDULDNDS SujoUopigaT 


:eloeyoAjog 
SIUDSINA DOPOULOLYINT 
 WNULIOUL wnIpYyayouyy 


‘ ayjonsuo puojsov0jqudy 


* ausofiyr f ourouojsking 
sninysiag snumjoyquojayy 
* sisuaamys snuimj0yIUC) 
"+ 5 5 sgiaaag snqoug 


- + swununuos snjgoug 
sapoyrsy DULOJSOIDLOY T, 
"+ ssupulyy DULOIIIUP 


:@po}euUla Ny 
wnpiawy f vuuajsv.4a [, 
= agmasnaiion 

: TUT IOUION 
UNIDIJIA WINUOISOLSD] 

PeLIeypquny, 


*  pjqui9 auaunporg? 

7 5 +s pninD DYyaNny 
: 2819} U2[90") 

- + pyoquiy auojzyDM ET 
2 VIOpLIOg 

pyndup puynayjoy 
BANA) 

*  s2ayquiay duuoI1Yy;I.t) 
: VIQFTUTUTEIO 


(,U9) 193sA0 rod sovyNs [JOYS JO o1V 
O oMLT 1y8IEM oytoedg 
, emnyesodus} 1938 


a1eq 


(6661) IF6I 


(anf) 


i —. — 
I —— — — == 
I —— — es 
— os — (anf) Z a (ant) @ _— (anf) Z (‘anf) ¢/(anf) ¢ — (ant) y 
= ae, io G 
I I as i G a Sarees (NPs Wildes I i j b ely ae lie ool Pasta 
naa 9 ¢) iG G g a4 J § g g G ¢ Se CSOD = = 
= a ¢ S G I I 
ae sine Awa “eae Sete t eles t t oi = a0 ats =e arae steal apa = 
8 ie 06 ¢ I 
I — ran 8I OL 
AQ th = = 
G os 75 G G I = = 
if aa pas G fF: I 
I 
§ L G 6 g €I tl 9) SI 8 él GS I¢ OF OS 8h &T &S 
(anf) 
cam I I I G = are I I I 
(ant £) 
¢ v 9 8I IT Gl tl VI €I EI Cant) Z}Canl) gj(ant) ¢| — G if = —— 
9 Ih 8 GG G G 9T Il ial! 61 Le 66 86 66 6F Fl cod a 
I I 6 g I ae — 
= a CG I I ae I I I I G I I I I F G oo 
I 
(pe 1) | (pe z) Cant) 
& I I v G V 8 G jCant) 2} @ Ol OL {Canty E]Canf) ¢) O¢% I 6 g 
I g G I 8 G ¢ I L ¢ § G G G V € G € 
G ae: ae I I I G G 6 if v G G jCanf) T) — 
(pe rt) | (pe z) | (Pe S) | (‘pe 6) |(-pe #2)| (-pe oz)| (“pe Lz) 
£9 cor O&T Col Col O6I G96 | SLI CLI CFI VOC | PSI OST raul O€ LE GY 8L 
(Ant) (Ant) 
6 8I 98 v8 SY OG tS 8S BL 8G TZ 68 We IZ 1S AL CSO) A = 
I aa I I os = & 


"st sunsosf xumporydg 
: 2] VULIOpOUTyOy 

“+ stugsounasg uoyqudny 

snqojoyag snydjoopojgouyy 

+ suqsosnang auayjog 
: epruosoudkg 

"+ + spuapuL saprui91v/) 

"+ susonsuo) DuDTIaIL0g 
:epodesaq 

ogvjojjcas sisgoynaposnyyy 

* wnaisnsaysv wniygoso’) 
: epodrydury 

“sapiorgioas piqopog 
:voovun’) 

“+ Lounu pipadisuoT 
:epronoediepy 

* pssanquir DYIU0IOXOT 
:epoowsE 

"+ + syp40nq1) swun.vg 
: BJOVYOOSI]O 

“+ 1UaLoy Di4vUrgIag 

7 5 + “pUuLipUL DjoIIUALET 

pyopigva vjjajugvy 

“SUYIUDLGUINUL XAADY T, 

"+ + pyoyia DLoptog 

"+ + yasiusn sojgoj0ss 

"wlan siasaudqnyg 


"+ paurzans siaslane 
‘+ snopyupinn snyqjomnyy 
: * sngnusoa snacjojny 
+ + + paid auoayy 

‘ * ppuo) au0any 


“+ paumsups pyoina 
DO REE GT 
‘+ pypjnavut asoponpdyg 


"5 ts pinunu 20j04q 
ADGuid goyjouLsopy 


"+ pipnigua zoyjoulopy 


I > —— 7 5 sSLips na Diopoulosyoneg 

qupuap snumpoyzvd’) 
* apjoisuo) vuLojsoz0j; quid 
bo 3Z éI = - + guuofyrf puynuojsding 


== say) i 


rol —— — rom bI —_— rom — = “ *  sisuamDys SNUIDIOYIUC) 
(anf) T]Canl) Ty — |Canf) Z{Canf) Z| — |(canf) Z](-anf) G](-anf) g} —  |(-anfy Z| — — “ts stunuuos snqous 
éI * * unpo.insif DULOISOIDLOY [, 
ont ae é1 << aad LATE COME 
:@po}euloNy 
I I I sot tts gaqns snaurT 
> TUT] IOWON 
— 5s 8 “pou auaunpoigy 
DULOIINGUD DYED: 
= — -—— st ss pine py~ainy 
f 4- + “5 +s qUan0] DapauovT 
“xUCID) DiADINgN [. 
(3) " 3B) B19} UITIOT) 
tr af Ht = tr +t; EEE, CEG DET 
ame ss wngpyis uosds 
VIOIIOg 
b “  * pyndup puynoyjoy 
SCAN) 
AG = ca REE) LOOTED) 
: BIQJTUTUTIO FT 


FE [tee] ppt | tet | ttt] ttt Es eat | et | ee eee) a ee | a ee : + 


(,UI9) 1a}sho 
dad 9ovyins [Ys Jo vary 


0060°T }0060°T|S0¢0'T|S060'T]S0Z0'T)S1Z0'T/S1Z0'T/S1Z0'1/S1Z0'1/S1Z0'1/S1Z0' 1/01 ZO 1|S0Z0'T 01201 /S1Z0'1/S1Z0' 1/101 |01Z0°1/G0Z0'I D MALI 381M oytoadg 


of TT | of ST | ol ST | oF PT |of ST | oL8T | VBE | 6200) sh6E EL GT) c&Ol NW oGLI | cS Ol) S21 Weare) sere iiltse 21), oh Giles Ol Do enyesodura} 191e 


01/9Z | O1/+1 | O1/s | 6/62 | 6/zz | 6/st | 6/8 | 6/t | B/sz | s/t | e/g | z/sz | zloz | zlet | z/g | 9/og | 9/zz | 9/91 | 9/6 | a7e(] 


yuepunqe +++ ‘siaquinu 9}yeJapour ++ ‘ores nq juaserd + uosqe — 
CP6I-OI-ZI UIseq 19}sho w00Z do uassog oY} 07 posIaysueN s19}sho YIM skVr] *ZFG[—-9-F oyas19A 3% poovyd s19yskCy 
‘skeay uo doy pur “[ PE] Ul UJOq ‘s19}sho QG Jo safdures Jo vunepdy “zF6] ‘,.aM-ylryy,, ‘O49sI9.K 
IA ATAVL (1F61) 2461 


4 ts + a — — “ss + syapid Disjuasng 
ue we ! a aE a ap = — — — — "8 psowng ninsng 
(anf) | (CAnf) | (anf) | (tant) | (-anf) (anf) | (anf) | (anf) | (-anf) | (-ant) (anf) | (anf) | (‘anf) :eozoAIg 


ats =F ae ae 45 a +f ae ae ate + 3) ap == == = ea SUIT DIESIUIONCTAT 


:BOSNT[OWL 


* snyojoyad snpcjavpojgouy 
(ant) : epruosoushg 
(anf) €} (ant) ¢} (anf) Q}(-anf) ¢|(-anf) L\Canf) @| —  j(anf) [| (anf) ¢|(-anty JEN iI (anf) | 2 * spuavul Sapwurg10") 
; * SWU40IGUO] DUD]}AIL0T 
:epodesaq 


= 
aN 


“7 5 + pysn30) snapunuDy 
* vgynjoy cas sisdojnapo.njyy 
= & G € 3 § I G “+ wnoisniaysp wniygo10') 
:epodrydury 
sapiorgioos viujopog 
:eoorunr) 


a5 a snyoua.s snuojog 
:erpodriaty 

“oun DipadrsuoT 

: epronoediepy 

DSsSa1Gul, DYIUOIOXOT 
:epooewnsO 

* “DoapyqUuoI anlUDvT 


EG ¥S G aa 6 ae —— I I ee te 


(anf) | 7 + + qauojsuyof anranryquyy 


I I I I I I 7 ss putipU vyonuaLy 
&& 6& 6¢ Be FS EL &F (Gi VG 9¢ 6¢ LE FG 9¢ &% al "7 8s mys psopGog 


Om N te 


MyLaUNG, srasaudqoyg 


I +. I! I "7 5 5s pauizans siasany 
CG G 8 81 6 ST ST 6G Il LG 66 1G call G I aa “++ snopiyjupinn snjqjongy 


€ i teal G G 7 5% + snynusoa snydjoinyy 


“7 yard auoagay 

* vauinsuvs vyvingy 

( & SIPiie Dupin, 

I G 7 5 “pyopnavU ar0poprdy gy 

IG GS GS 8S 09 OL 6S is) I) Si 66 06 L v Y - I 7 8 Dynuau 20,04 gq 
6 


| 
| 
| 
| 
| 


SEI | Oeil | SMe |) ses |) WOON 69 0G Qi! Gil 9G 0G OT i I = "ts upduta goyjouwnpy 


I I “5 5 Dipnaqua goyjousopy 
8 II v I 9 G iG g P G  |CAanf) ZjCant) T](Cant) ¢| — — a "+ -snyouwnbs snjouoprday 


:eyovyoAjog 


-f tS 
O 


* snsoqjas SN4gSLAY T, 


I — rie iS 2Uas2apjip DyiLopoulo.sy") 


me i na 


Os 
FIT 


O61 


0G 


(‘anf or) 


61 


ee 


4+ 


Cant) | 


++ 


“5+ punt 30104 gq 
MDGult Q0JOUWAO FT 
> DIVILLQULL JOJOULIDET 


snypuonbs snjouopigayT 
:eyaeyoAog 
‘+ + + tupuap snumjoyznd) 
* wnunsUL WunIprjayIUTT 
SISUAADYS SNULID]OYIUC) 
*srunuuos snygoug 
:Bpo}LUIaN| 
wnpiany f DULwuazsD.1q2 [, 
* Laqns SNaUTT 
2 TUT] IOUION 
" WINIDIZIA WNUWOISOLSD] J 
:eLIe]Oqan T, 
* pyour9 auaunpoigy 
DULOIINSUD DIPLDSVS' 
DyLinD DYaIny 
7 2 + + 3 = = 1200) DapauLon'y: 
2 > 2 2 5 2 9 YudiD) DLOjNgN 
227 e19]U9[907) 
> DIDQuiay aUuojIUD FT 
* wnjoyis uorts 
2 eLIpLIOg 
Yo 5 4 Da op 9 pynguw puynayjou 
SAID) 
ee aaray outa muruorgeds) 
: CLOJTUTUB.LO FT 


¢1d0 1 
ol 61 
8/81 


160 1 


oo 8 
8/¢ 


I 


C0Z0'I 
0891 
L10Z 


01Z0'1 
OGL 
L/8@ 


quepunqe 4 


= 


f 
+ 


O1Z0'I 
lA 
LIFI 


C1Z0'T 
of LI 
L/8 


C1c0'1 
of 81 


9/0 


iS1Z0'I 
BOR 
9/27 


O1G0'T 7 
of GI 
9/91 


of 91 
9/6 


(,u12) 19}3sf0 tad dovyains [Joys Jo vory 
Do WLI SIEM oytoodg 

r), emmnjesodus} 1938 \\ 

a1eq 


+ ‘staquinu 9yeJopoul +--+ ‘oer nq quasaad + “uasqe — 


‘TEGI-OI-ZI woz, do ussiog 0} posojsues ], 


‘ZHEI-G-F OyasiaA 1e poorjday ‘woo do uaSiog 7¥ uIseq Ul ZEEI-1 FEI J2IUIM “O1/1G OF G/OE MOY “THET Ul Osi 12 sXei} UO 1do¥ S19]SAC, 


‘shea uo yday pure ‘QPEL Ul UIOG ‘s19}SA0 VG Jo sofdures yo euneyidy “ZPE] “,.AM-YMOsT,, “PPISIIA 
IlA a TavVL 


(UF6L) CF6I 


= 4 4 = — + a 4 -f 4 ae “tr iF 3 +f + 
+ +p 
+ I 
=i Seed I raha are ae: 
a = I I 
g I I 
(‘Anf) 
Canfjz) — |Canf)giCanf)giCanfo, — | — |Canf)giCanf)giCan)g! ot 
CanD Cant) 
L 
te Cant)y 
b G < G z os I I I — I = 
Fema OG POG! agate OTC SFL steal nan g I 
Pais > ya I 
+ 4 Ir + os + + + 48 oT +f = + 
01 z 
€ z 
I — —— 
G — —— 
ABD Tea cee 
8 9 b 8 8.) OP) 1 0G) 2h ree 4) Op) Gre | MCR AG 8G tare srt 
or | + I 
moun 6 
Oz eOVo a) OT 19S" | 9 BS NON ah CR | BOK OOF eee arc) Gi a tO leat lees 
es I I 
== I 
(Ant 6&) 
BG er loch ede |) OP | Fh LOS 2 ari orc ler ee ae ne 
aie | in Ae ia aoe z 
ees b z 4 z 9 9 9 g 6 «| NOT 4 Z Can t]Canhy 


* suIDLS DIsjuaIg 
sss ss spsoun,d pining 
:evozoAIg 
oy Sais eel ree euP Ne! reemon ates sympa snjydqy 
Si i esmogqsapisaqiaiam, 
: BOSNTTOVY 
* snypjoyad snjpGavpojgour 
" * sLuysosinasg aang 
:epruosouddg 
smaugof snyyusopiqo’) 
T1IvOy 
* spuapUL sapiurs1D/) 
:epodeoaq 
* supauay vyjasdo’) 
*DISNIO] SNADUNUDE) 
“+s pywupod v11]aW 
“Dgypjojjdis sisqojnaposnyyy 
* + wingisnsayan wniydo.s0’7) 
:epodiydury 
saprorgiors Diopog 
:eoovun') 
* sour vipadisuoT 
:eplonordiepy 
* Dssaiqulr DYIU0IOXOT 
:BpOeIIsSE 
“+ + $17040}91) SiouDLOg 
:BIIeYIOSIIO 
tauojsuyof ayrqryquyy 
7° pUuLIDUL DjONUAaL 
* + pyonidva vyjajido+y 
- + -pypyis DLopdjog 
wmpiuaung siaiaudqo)g 
* DAULIINS S1a1aNe 
snavyunino sndqqjony 
“ *  * snjnusoo snydjoin yy 
‘+ + psuo) auoary 


* pauinsuvs pion” 
7 | SR ph 
DIDINIDUL a20P071AY. 


— — * * + snyounnbs snyouopidaT 
seyoeyoAjog 
Cant) | = “5 5 + yypjsoa piysodouopy 
I — — “+ + stups]na psopowo.ymneg 
I _ a *  snqvjound snysuoyjungvav1g 
= | ele | eecacam (aoa Ma ea Ol = Ao] = Nort lo xe - + quoi. vurouojscing 
oe I  * sninysrud snunpjoyquojapy 
= = — onl — a “+ + sisuanmys snumjoyIuc 
— [tanh T]/Canf) T] — [Cant T]) — |anfy Z] —  |(rant) Zant) ¢gi(anf) g) —  |(canf) T]Cant) []Canf) [](Canf) T]Cant) []Canf) Z] — "7 + srununuos sn qousy 
oul 5 I — "+ + sapoyns. DULOISOIDLOY J, 
:epoyeuaNy 
I 7 8 npr, punuazsD.a [, 
Te Age STIGUET 
2 TUT}IOUISN 
SP ar = at a = 7 sip ot ate “te a5 a = — "ot ts 8 py9uia auauinpoigy 
es =| ae =F a } iG I % I G 7 5 5 5 pumornsun DYIDSDS 


4° |) SParae | arse ll Sear am i abe Wl See |p sie ceo W esta yf Siesie | Pests =: i ee 
$8} €19]UZTI0") 
(3) + | (3) + |(8) + |(8) ++](8) ++/(8) ++] (8) +) + + + 4 2 0 RPE LAIST 
++ | ++ | +4 | ++ | ++ | +4 | +4 1 44 4 4 + “ + + stots ss wings uoaty 
> eIQIIOg 
Teg | iste | ete | esi flesh es ec ea ets tees | tects Petes tee eS ee a os eoyngunamunnoTON, 
FAD) 
+ Si J: se + 4 + ie 4 ear ee eieste | eae | eraese |) sear “te — =< = 8 ESN ERE) 
> BIQPIUTUTEIO 


yo | +S | LP TS | 6b | Gh | ue | Ze | 66 | ¥e Le Ga le || (Se. 81 61 cI Ol SI (,u19) 401sh0 
aod govjins [Jays Jo voy 


0660 1|SEZ0 1 |SEZ0'1|\S620' 1 |0E20'1\0Ec0'T $6601 |0860'T O1GO'T/S1 60 TISEZO T|SECO'T|S620'1\S6S0 T]S10 1 /S1 01} Gc0'T |STZ0'1|S120 I Do ML WSIEM sytoedg 
06 GL | of EI | of ET | 0091 | 081 | OBI | QO LT | £61 | GLI | G1] obEL | 0661 | WLI | o6'8T | YLT] oG' LI | 08°91 | ol ST | 06 91 Do samvIoduro} 192M 


o1/61 | o1/9 | 6/zz | 6/oz | 6/st | 6/9 | S/og | s/gz | s/ot | B/z | Lizz | Lloz | £ipt | zis | 9/6z | 9/1z | o/st | 9/e | 9/2 aed 


T 


juepunqe +-+-+ “sdaquinu a}ye1apour ++ ‘oarei ynq juoserd + “yuasqe — 


SF6I-OI-FI1 Ulseq 103sho wi007 do uasisg oy} 0} porIoJsues] si9}sh0 YIM SkeLT, “EEG [—G-9zZ eyastaA 1e pooryd sasjskC 
‘sXer} uo ydoy pur ‘ZFG] Ut UIO ‘sI9jsXO Qg JO saydwies Jo vuneyidy “eF6] °.am-yleyy,, ‘yosa A 


IIIA ATAVL (ZE6I) SF6I 


+ + + — | — 
+ + + | — + + — + + + | — + + — | — + + + 
I I 
I I an Sag cae I I I I 
ae age I I 
I 
I I G v we I G I ors ae I I — eae aie 
G g os G g I ram eae a I = I I => I 
I 
€ a & oe a G = I eae a I 
v I v L 9 ) G 6 & G ae I I I 
I I Saal I I 
+ —. Ss 
+ + + + + + + + + + + + + + + + : 
+ | ++ | +4 | +4 | +4 7 44 +4 Pe t+ 
I I I 
I 
I om" I I 6 I I I 
€ F le 6 IT Gl 61 0G 0G v Il IT le G OT 9 v G € 
€ 8 I G v G 6 
rea ol J z 
c 8I 9 Ol Gl is Il ral él $) Gl CI 8 a gi]! 0€ tl 6 se 
I — —— 
a2 I ae G I i 
Fas I I Ut G 6 6 g) Tk I I I I I I G I = a a 
aa 5 I G I I 
I I a I a — I G a —_ I 
98 COCR E Slen 0 Gan eG |G aC CG. Canna Gon eValul 68 149 cil 96 0G v € 
GS €L 0G 69 €L GL 9G 8h 81 && 6S OF LG 06 S 6 6 Fl aa 
oe I Soe I I = I | 


"  * suoDLs Disjuag 

- *psownd pjning 
:vozoAIg 

“+ 5 + apajn piqoipapy 
:BOSny [OPT 

snyojouad snjdjavpo)qouy 

"+ *SLsomaadg auarvg 
> eprluosoudAg 

smnuqof snyyousoprgo’) 
Wey 

* spuapul sapruigiv'y 

SIUAONTUO] DUDIIAILOT 
:epodevoaq 

Slipauy Dja1gvry 


: same sisqomapoinuyy 


" unnsniayav wniygo.o’y 
:epodrydury 
saprougio9s vi.opog 

:eooeuIn) 
snqvuald snunjog 

> erpodraary 
~ sou vipaqisuoT 

:epronoedieyy 
DSSIAGQUIL DYIUOIOXOT 

:epooessE, 
DsaplyqUo? anuvnT 
tauojsuyof apy qup 
"5 5s guaiput pjoouarp 
“Dypyia vLopljog 
“Tysaung siaaudqn) 
* paurzmns siasanf 
“snagvyUDIND snyGojnpr 
diafiunuas auosoxy 
= ping auoay 
* pauinsuvs vyoingy 
EOFS! 
DpvjnIvU ar0poyycy 
“+ Dinumu 20,04 q 
ADqui 2oyj,ow.opy 
* DIVINAQUIL ZOYIOULLD ET 


&& 
16 


89 
L9 


6S 
08 


LG 
L8 


[uit 
Or 


CL 
+9 


69 
89 


| Sen ag 


+++ 


bt 


++ 


CEZ0'T 
of $I 
6/LZ 


G660'T 
00°91 
6/06 


O€zO0'l 
00°81 
6/SI 


0€<60'T 
o9 LI 
6/9 


62201 
Egil 
3/0 


0$Z0'I 
ol 61 
8/S% 


61Z0'1 
GG 
8/Z 


6§Z0'1 
oF 61 
LILZ 


C¢<c0'| 
06 61 
L/0% 


juepunqe +++ ‘siaquinu 3}e1290UL 


6220'1 
oF LI 
L/P 


= 


GEC0'T 
oo SI 
LIG¢ 


C1Z0'1 
COM 
9/62 


61Z0'T 
eGiLD 
9/1Z 


0220'1 
08°91 
9/61 


*s1osAO J9}AL] IY} WIOIZ EFG[—-Q-NE VouTs uaye} saydures 


OF + 

C1c0'T 
ol ST 
9/8 


-+ ‘aivi ynq jussoid + uosqe — 


COE DDINIDUL JIOPOTAY J 

¢ * pint 3004 

* undui g0yjouLinpy 

* DIVILLQUIL BOYJOWLD ET 

snjpuonbs snjouoprdaT 
:ejaeyoAlog 

ap] OIUIUO] puiojsoI0jquids 

siunuwuos snjqoug 
:epoyeUaNy 

- wnpiwy f vuuajsv.4a J, 

* 4aqns snaury 
2 1UT]19UI9N 

* pjours auaunpoigy 

“+ + ypwosmsun vipwsDS 

- pylunv vijay 

ano] vapauULovyt 
:eyeIIUITIOF, 

- + pypquiay auojINDET 

* + wnjyoyr9 uosds 
2 BIILIO FT 

sors ss 2 ss pyndun puynsiyjoq 
“EVEL 


Forres 8 8 payouray DuMoIYy;’ 


+ BIQFIULUILIO of 


(,u19) rajsho sod o0vj.ms [Jays Jo vary 
oA LI WYBIOM oytoads 

D, anjessdura} 1078 AA 

eq 


<gm-yxfryy uoT{eys ‘QYISIO K O} PIlIoJsues] “CFG [—-8-EZ 93 CEEI-OI-GI Wosy W007 do uos10g je pue ‘CH6I Ul IYOSIO X YE ydox : IF6[ UE UsCG s19]sA0 SF6I1-8-E64¥O 


‘ojdures Surry) soyye “¢¢6[-9-¢z poisneyxe Ajddng “¢e¢G]—-CG-gz eyastaA 1e pooejday “woeoz do uasiag ye ulseq Ul FF¢6[—-ZEGI JAIUIM 
‘OT/ZI 04 C/8Z WO <ZHET Ut OYOs19% 1e shvJ} uO ydayx s19}shO *shvsy UO Jday pure ‘TFET Ul uso ‘s1aysKo CZ Jo saydures Jo vuneyidy “EFG] ‘,am-ylry,, ‘oyasIa A 


xI aTaVe 


(1F61) SF6I 


= a5 + + + — = 2 F + = = 
—— —. I —* — — — — — — —. ——s 
sep 2 as =5 = = + = = = a == =e == + 
Hi — ——. — — — —_ ———. — —— ¢ —— —=. _ SS, 
— — = ‘6 I I I 6 — ¢ ¢ = z — — 
- = ¢ 9 ¢ I ¢ 6 z I rh I 
— I = i ¢ Z = — I — = — = — — 
I I z l Ol p = = oie ss = a = = g 
ZI €I SI OI € = 6 $ == ¢ I %6 I = — 
$ z %6 == I I a — I — — 
ip 4 ++ 4¢ ie + 35 4. 7 4 a + =f 
+ 4p ++ 4p) th i aa I == aa — — "6 
a = = z 
lI ae 
Z 
— |(Canf)p|(Cant) p{Cant) | 
Il 6 81 61 LI 91 Ol 6 II 91 Il 61 cE 6 GZ 
+2 é z $ a I re a P = z 
91 LA L G = = cal cI 61 ra 6% 8Z CF L Z 
I 
I == I = I I 
Fe I rb g as ¢ 91 I 8 8 LZ |Canf)¢|/(ant)z|Cant) 2] (cant) 7 
al — r= I = = — I me RO 


* wassoqyas snqcuyog 
:eyeorun J, 

sysnLf xipjord¢ 
ey eUIpouTyOy 

psounyg vynsng 
:BVOZOAIG 

S149S0.11091Q aUay]Dg 
:epruosouddg 

* spuanul sapiur910/) 

SIULOIIGUO] DUD]IIIOT 
:epodesaq 

DISNIO] SNADULULDY) 

ngqvj0j] 445 sisqojnaposnpy 

* wnaisniayav wniygo10!) 
:epodrydury 

* sapoigioos viajopog 
:eoovuIn) 

* Lounu DipaqisuoT 
:epronoediezy 

DSSalquid DYIUOIOXOT 
:BpooessE, 

* SUDLONY SipUBLDg 

quapauaq xaj0980;ag 
:BIIVYIOSIO 

* mayoajsuasng sigsogs 

* peaqyquos anunT 

* DULIDUL DjOIIUAaL 

DIDINLI DOP Og 

UpuaUN srasaucqo] J 

* DaULIINS Siasanf 

snooyuDinn sndjojnyy 

sngnusos snzcjojnyy 

* DipwAniag vyvsD Py 

* vyng auoay 

* vauinsuvs vyvin” 

ENGAGE 


+++ 


+++ 


+++ 


HE 


+++ 


+++ 


++ 


- + + wndu goyjowsopy 


> DIDILUQUIL 2OYJOWLD FT 


snyouonbs snjouopiqaT 


:eyoeyoAjog 


* ppoynulany 


wnpiovpyf vUuuajsv.14a [, 


2 1UT}IOWIN 


“DJUND Dyan 


1B] V1Q} UZTIO;) 
DjDquil] guojmyo HT 


- + wungnrpia uosks 


2 BIOIIOg 


“pynquv DUIININ JOY 


aaLatLe) 


vayouray DULUORYIAD 


: BIQJTULUTL IO 


med eth i el ee ee ee 


96 


&& 


9G 


&6 


¢0z0'I 
ol 61 
3/Z 


Juepunqe 


‘FEEI-8-0E a1duaes ise] “PEET-G-1g P4ESI9A 1v pooeyd s19jshC 


06 


€0Z0'I 
ol 61 
L19Z 


II 9 
v = 
+ + 
+ + 
+ + 
4p + 
+ + 
IZ SI 
60Z0'1 60Z0'1 
BEE oOLI 
L/61 L/€t 


61 


¢0¢d0'1 
06 BI 
LIC 


II 


01Z0'I 
06°91 
9/82 


6 


S0Z0'I 
09ST 
9/2 


+++ ‘saaquinu oye1apow ++ ‘ori ynq Juasaid + Guesqe — 
“‘EE6] JAQUIDAON puv J2qo}9Q “Aaquiajdag ur sjqissodu sem Surjdwes suoyIpuod eM 01 anG 


(,u19) 103sA0 


rod 90ejins [[IYs jo eolVyy 


D oALI W8IEM oyoedg 


aye aamnyerodura} 1978 \\ 


27e¢q 


‘skexy uo yday pur “EP6] ut uso ‘s19}sho QG Jo sojdurvs jo vunrydy “PEE *.amM-—lry,, “oyosIO A 


xX Hav 


(SEI) PFEI 


“GG 


6S 


++ 


96 


CL 


€€ 


8I 


Il 


* psoun)d vjnsng 

:eozoAIg 

* ppiuosourtg 

* spuapil sapmng4n’y 
:epodeosaqy 


* SLADaUI] p}aiqny 


* ndjnjoycas sisdojnapoinpyy 


* wnasniayoo uniygo.o’y 
:epodrydury 

+ soul vipadisuoT 
:epronoediepy 

* pssauqulr DYIU0I0XOT 
:epoodeysC) 

* + sup1ojyy swuniwg 
:BIeYOSIO 

DULUDUL DIONUAL ET 
* + pyoyia vioptjog 
wpuaundg siasaudn)g 
* paurgans siasanf 

* snapyubinn snyqjony 

* pauinsups vyviny 
SY ULE ELG 


* pypjnavut as0ponj]cyg 


* “wynuru 20;04q 


b+ 


++ 


+++ 


$E 
C1Z0'I 
00°61 
8/€1 


0g 

C1Z0'I 
of 61 
LIE 


89 
v9 


os 
Ip 


++ 


+++ 


+++ 


92 
01Z0'1 
oF 02 
L/¥Z 


quepunqe +++ ‘siaquinu o}eJapour 
CHEI-F-LZ PYass9A Ye pooxd s1i33skCQy ‘sXkeyy uo ydoy pur ‘FFG Ur uso ‘s19}sXhO (CG Jo sayduies Jo vuneyidy ‘cEE] *,am-ylryZ,, 


b+ 


Ge 
01Z0'1 
o£ 0% 
L/91 


ca 


* DyDjnIvUL aD0p0T CYT 
7 5% pynuaus 20104q 
+" wodun g0yjouwv Ey 
DIDIAAQUL JOYJOWALD ET 
snyoupnbs snjouopigaT 
:ejaeyoAjog 
‘+ + yepoyeWON 
* + py9uia auaunpoige 
* DwmornsUD DIYADSDS 
DpinD Dyan 
:e)e19]UITIO') 
* Dyoquiy auojauvEy 
:BIQLIOg 
* pyndup vuynoyj074 
SARI) 
GEE PDUTEG] LURES) 


: BIOJTUTWILIOT 


LI 
60Z0'1 
ol 61 

LI6 


61 

00Z0°I 
o9 LI 
LI¢ 


| 


n 


T 


91 
6020'I 
of 61 
9/GZ 


ZI 

00Z0'I 
eed 
9/81 


L 
00Z0°T 
of 91 
c/L1 


‘911 ynq Juasoid + Suosqe — 


LIDS GRAS IN eal 


(,uI9) 19}sho sad oovzins [Jays jo vory 


D oALI WS!EM oytoadg 


Oe oanjesrsdwa} IDEN. 


a1eq 


‘QYIS1O K 


(PEGI) SF6I 


Neen eee eee eee ee ee SS — See 


= SF en) = — | (anf) ¢ 
——a) —— ——— -{- ——s) a 
G = G a G I 
= I aa 
-- I e — c as 
I ea I I a = 
+ a “E 42 + 
— + + 
9 I G oa g G 
II GI ¢ 6 6 LE 
z I z z Z 8 
6 G g G G G 


(any). = Canl) ¢ 4) — 
I 

v G a I 
—= I —- — 
+ + + + 
+ + + + 
ae og a I 
v 6 al 61 
| —-, — ——= 
LI 9G Ie 9 
OI él 9 = 
€ g ae rs 


* suagns spiiagsy 
: 2] VULIApOUIYyO |, 
* sylons DisquaIwg 
‘psound vynsng 
:BOZOAIG 
pyonusof pynprdasy 
: COSNITOPAT 
* ;epruosoudhg 
SDUIDU Sap UI9LD/) 


:epodvoaq 


* WNIISNAIYID wniygo.ory 


:epodiyduy 
* snqpuaia snuvjog 
:eIpodiuary 
* soul DIpadisuoT 
:eprlonoediepy 
* pssasquir DYIU0IOXOT 
:BpOIVISE) 
wauojsuyof apupryquyy 


“‘DyvYyII DLOPC}Og 


“117 1aUN CT s1asaudqny 


“snapyUubinD snjzjojny 
* pauinsUvS DIDNT 


* sipina vypngy 


152 THE SHELL OF OSTREA EDULIS AS7A] AeA Bi aa 


TABLE Ut 


Water temperature (monthly and fortnightly averages, °C.) 


1921— 
1940 1941 oa 1943 1944 1945 1939 
| 
January —1.5 | —0.9 0.3 AS) 4.5 0.9 Bol 
February =a) 2 3.0 3.6 Beil 320 
March ou 7 0.9 6.4 oe 7.4 4.9 
April 8.6 7.4 8.2 10.7 S75 oe? 8.5 
May 14.8 10.8 a7, 14.0 12.6 14.0 33S 
June I 17.9 14.8 15.8 16.7 1535 16.4 16.5 
June II iho 19.6 16.9 17.2 16.1 1825 7s 
July I batts By 2 18.8 al, 18.0 18.6 18.7 
July Il |} 18.1 20.3 Tee 19.8 18.7 20.1 Ss 
August I 18.7 17.8 18.1 19.3 20.1 18.9 LOR 
August II 16.8 16.8 L929 18.6 20.8 18.1 18.5 
September I | 15.6 Wes OES 17.6 15.4 18.2 Ved 
September II | HERG 16.8 15.8 Bye 7 14.8 16.4 15.6 
October fe ISjoll 13.4 Bell 11.9 a7, eit 
November Tod 6.2 8.6 8.0 Te 8.5 dei 
December 3.3 DED) 5.6 Sell 4.5 4.4 3.4 
TABLE XIV 
Monthly averages specific weight 174% °C. 
1921- 
1940 1941 1942 1 5 
943 1944 1945 1939 
January = 1.0200 | 1.0200 | 1.0205 | 1.0215 | 1.0175 | 1.0209 
February = 1.0185 — 1,0200 | 1.0215: | 10175 11,0206 
March 1.0190 | 1.0190 | 1.0200 | 1.0215 | 1.0195 | 1.0185 | 1.0207 
April 1.0185 ; 1.0190 | 1.0195 } 1.0215 | 1.0195 | 1.0190 | 1.0208 
May 1.0190 | 1.0200 | 1.0200 | 1.0220 | 1.0200 | 1.0195 | 1.0209 
June 1.0200 | 1.0200 | 1.0215 | 1.0220 | 1.0205 | 1.0200 | 1.0211 
July 1.0205 | 1.0205 | 1.0210 | 1.0235 | 1.0200 | 1.0215 | 1.0214 
August 1.0210 | 1.0205 | 1.0215 | 1.0230 | 1.0205 | 1.0210 | 1.0218 
September 1.0205 | 1.0205 | 1.0210 | 1.0230 | 1.0200 | 1.0225 | 1.0218 
October 1.0200 | 1.0210 | 1.0200 | 1.0220 | 1.0190 | 1.0215 | 1.0218 
November 1.0195 | 1.0205 | 1.0215 | 1.0220 | 1.0185 | 1.0205 | 1.0214 
December 1.0200 | 1.0200 | 1.0215 | 1.0220 | 1.0185 | 1.0200 | 1.0213 


Station or parcel 


Date 

Water temperature °C 

_ Specific weight 1714 °C 

Size of sample 

Age of the oysters 
Coelenterata: 

Aurelia aurita. . .. . 


Sagartia anguicoma. . . 
Turbellaria: 


Yerseke, 


17.3° 


1.0200 


25 


Zandkreek, 
Harden |Katsche Gat 


Hoek; tray, | oysters kept | oysters kept 
tidal basin | on trays on trays 
12—8-194] | 23-7-1941 | 9-8-1941 


19:7° 


1.0205 


50 


Zandkreek, 
Katsche Gat 


16.8° 


1.0205 


25 


Kattendijke, 
tidal basin 
oysters kept 
on trays 
15-8-1941 
iby 
1.0200 


25 


p- 551 


20-8-1941 
16.7° 


1.0205 


Oysters kept on trays 


p. 421 


22-7-194) 
19.3° 
1.0205 


25 


p- 421 


9-8-1941 
16.8° 
1.0205 


25 


p. 200 


148-1941 
yesh 
1.0200 


25 


Balanus crenatus abundant on these oysters 


| 


p- 261 


23-7-1941 
19.7° 
1.0205 


25 


p- 143 


22—7-1941 
193 
1.0205 


15 


p- 212 


30-7-1941 
19°35 
1.0210 


25 


TABLE XII 
Epifauna of miscellaneous oyster samples. Oysters partly from trays, partly from oyster plots. Samples of preliminary investigations included 


Zandkreek. 

Yerseke : 
| Grevelingen Flauwers | 5,,--+ -,.. | Stavenisse Dortsman 'Katsche Gat Flauwers 
Zi rE mee 4 . 467 = b 3 ‘ 2 
Oyster basin at Bergen op Zoom p- 210 p. 551 tray | 37 ¢ p. 46 cee ig cay p. 173; sp. 339) | tray oysters Kepel p. 252 | p. 417 p- 338 ieay p- 408 p- 551 
; | on tray | | 
| i} | 
20-8-1941 | 22-7-1942 | 5-8-1942 | 5-12-1940 | 21-10-1940 | April 1941 22-11-1940 | 18-10-1940 | 10-10-1940 | 7-10-1940 7-10-1940 | 7-10-1940 | 7-10-1940 | 19-10-1940 | 24-10-1940 | 21-10-1940 |24-10-1940 | 18-10-1940 | 24-10-1940 | 21-10-1940 


16.7° 


1.0205 


25 


16.9° 


1.0210 


25 


Nyse 4.8° 11.8° TAP (pays || see + 9.2° + 9.2° + 9.2° + 9.2° + 9.2° + 9.2° 11° + 9.2° ile 9:28 4° + 9.2° 


1.0200 1.0200 


1.0200 1.0200 1.0200 


1.0210 1.0200 1.0200 1.0200 | 1.0200 1.0200 1.0200 1.0200 1.0200 1.0200 


25 25 25 25 25 25 


25 


10 10 25 10 25 


4 years 


. 


11L&ell-s|loel+-Ss 


| 
} 


7-10-1940 


ta S2r +/9.2° 


1.0200 1.0200 


10 10 
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QUANTITIES OF WATER PUMPED 
BY MUSSELS (MYTILUS EDUEIS) AND 
COCKLES (CARDIUM EDULE) 
by 


J. WILLEMSEN 
(Koological Station, Den Helder) 


ie TUN DIO BLO OMIELO)IN| 


From the viewpoint of feeding and respiration of the animals them- 
selves and also from that of water purification it is of importance to 
know the quantities of water pumped by bivalve molluscs. They have 
been measured for oysters and mussels. In connection with other in- 
vestigations carried out by the Zoological Station it was of interest to 
determine them also for the cockle. This paper gives the results of some 
measurements for the latter, together with new figures for the mussel. 


The quantity of water pumped has been determined for bivalves in 

two ways: 

1. after a direct method, whereby the water from the exhalation siphon 
was collected and its volume measured; 

2. according to an indirect method, whereby the animals were given 
the opportunity to clear suspensions, and the decrease in suspended 
matter was used to calculate the volume of water pumped. 

It should at once be added that the direct method in the hands of 
such investigators as GALTsoFF c.s. and LoosaNnorr and co-workers is 
able to give constant figures even over rather long periods of time, 
whereas the indirect method up till now gave figures which are little 
constant and possibly less reliable. Because all direct determinations 
refer to the oyster and all indirect ones to the mussel, however, it is 
possible that the different results are due to the different behaviour of 
these species. I return to this point further on. 


Ia 
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Up till now the following results have been obtained: 


Ostrea virginica Maximum quantity pumped Ga ttsorr (1928) 
3.9 litres per hour 
np BP 5-16 litres per hour GALTSOFF, CHIPMAN, ENGLE 


and CALDERWOOD (1947) 
12.5-18, maximum 31-34 LoosANorr and NoMEJKO 
litres per hour (1946) 
Maximum (under abnormal Loosanorr and ENGLE (1947) 
circumstances) 26 litres per 


hour 

Mytilus californianus Average 2.6, extremes 0.5 Fox, SvERDRUP and Cun- 
and 18.1 litres per hour NINGHAM (1937) 

Mytilus edulis 0.7 litres (animals of 5 grams Von Harancuy (1942)? 


weight of flesh) 

Average 0.43, maximum 1.3 BARKER JORGENSEN (1949) 
litres (animals of 15- 32 mm) 

The first four references refer to direct, the last three to indirect meas- 
urements. Especially valuable are the results published by GALTSOFF 
c.s. (1947), LoosANoFF and Nomegjko (1946), and LoosaNorF and 
ENGLE (1947). 

Dopcson (1928) found for Mytilus edulis volumes pumped of 2 litres 
per hour, but he neglected the fact that the same water was pumped 
by his animals more than once. He was of opinion that the quantity of 
material kept back was directly proportional to the quantity of water 
pumped, whereas in reality this relation is not linear, but logarithmic, 
so that his values became too low. On the other hand, he neglected the 
fact that the suspended material partly sinks, which made his figures 
too high. 


II. METHODS 


The method used by me was the indirect one, worked out by Fox, 
SVERDRUP and CUNNINGHAM (1937); it was used in a simplified form, 
however. The property of bivalves to sieve suspended particles from 
the water is here made the starting point. This property does not only 
concern plankton and silt, but also bacteria (ZoBELL and FrLrHam, 
1938) and even colloids (DAMas, 1935; Fox and Cos, 1943, p. 226). 
The material is kept back on the gills and partly ingested, partly 
refused and given off as pseudofeces. 


' Von Harancuy does not mention the volumes here given, but I have calculated 
them from his figures. At 20° C the turbidity within 30 seconds decreases from 100 to 


50% in a vessel of 500 cc. The volume pumped is then 500 In ao 0.7 litres per 
hour (see below). 5° 


30 
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A. EXPERIMENTS WITH MUSSELS 


When starting the work with mussels suspensions of carmine and Chi- 
nese ink were used. They are not very suitable, as they partly dissolve 
so that the current leaving the exhalation siphon is still coloured. This 
is not the case if fine silt is used. If a concentrated suspension of 
silt is brought into the inhalation siphon the outgoing current re- 
mains perfectly clear. Apparently, the silt is wholly sieved from the 
water. 

Suspensions for the experiments with mussels were made of silt par- 
ticles smaller than 60 yw. These were obtained by passing silt from the 
sea through a fine meshed plankton net. The silt in question consists of 
organic detritus, clay and fine sand. 

The mussel was placed in a glass cylinder of 600-1000 cc and care 
was taken that it attached itself to the wall, so that the bottom re- 
mained free. 

The silt content in the glass under such conditions decreases due to 
two causes. Part of the silt sinks to the bottom, part of it is taken in by 
the animal together with the water, and retained. In order to reduce 
sinking to a minimum the water was kept in motion by bubbling air 
through it. This had the advantage that it was constantly saturated 
with oxygen, so that the animals were not in need of pumping faster 
because of oxygen shortage. Since the mussel was not allowed to fix 
itself on the bottom the circulating water could easily bring the silt 
from there in suspension again. 

The temperature was kept low by placing glass and tubes in water 
being regularly refreshed. 

To obtain exact figures for the quantity of water the mussels got at 
their disposal the glass and mussel were well emptied before filling. 
This was done by placing glass and mussel upside down, so that the 
animal too lost all the water contained within its mantle cavity. 

At least half an hour after the mussel had well opened its siphons 
the silt was added by emptying a 5 or 10 cc pipette above the rising 
air bubbles. In this way the silt was at once divided through the cir- 
culating water. 
| The current velocity of the pumping mussels was calculated after 
the method used by Fox, SveRDRUP and CUNNINGHAM (1937). 

When the volume of the glass is m and the silt concentration at the 
time t is c,, the quantity of silt sinking down per second amounts to 


1 Fox, SvERDRUP and CUNNINGHAM have shown that all the material from the 
water passing the gills may indeed be kept back. As one cannot be sure, however, 
that the material is always fully retained the volumes found should be considered 
minima. 


156 J. WILLEMSEN 


a-C,:m, @ representing a proportion factor. In the time dt the quantity 
sinking is then dt-a-c,:m. 

If the animal pumps x ce water per second and would keep back all 
the silt contained in it x-c, cc of silt are retained per second, or dt-x-¢ 
cc in the time dt. 

The change in silt content, d (c,m), isgiven by the material deposited 
and the material kept back by the molluscs. This change is negative: 
d (cm) = — (dt-a-c,-m + dt+¢;-x) 


He: —at(a | 
Cy m 


Integrating this one finds: 
x . : : 
meme ame t + C, in which C is a constant. 
m 


For t = o this formula reads: 


In ¢.-= °C, iso thatin c= (a = - In cy 
m 


Inc, —Inc 
t 
Of these factors, m, c,, c, and t, differing under different conditions, 
can easily be determined, whereas the determination of a may take 
place in the following manner. When no animal is present x = 0, so 


ae hac baye = late 
that x = m| © : : a) Asmcannot be zero—° : a ="G. 


It follows from this that x = m| 


Inc, —Inc¢, 


t 
be calculated. It depends among others on the form of the glass and 
the animals and was for each separate animal calculated from two or 
three measurements. 

c, and ¢, the concentrations at the beginning and the end of the 
experiment, were measured by filtering a certain quantity of the water 
(5-10 cc in the case of c,, some hundreds of cc in the case of c,), and 
weighing the filter paper after drying at 120° C. Only the beginning 
and end concentrations were determined, whereas Fox, SVERDRUP and 
CUNNINGHAM measured the concentration every 5 minutes. My results 
are therefore in this respect less exact than theirs. 


anhis means, thata = . As C,, c, and t are known a may 


B. EXPERIMENTS WITH COCKLES 


In the experiments with cockles the Protozoan Noctiluca miliaris was 
used instead of silt. This species in the beginning of July was quite 
numerous near the Zoological Station, especially at high tide. The 
cockles took them in readily, but I do not know whether they were also 
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ingested. The specific weight of Noctiluca is somewhat lower than that 
of seawater, so that they do not sink to the bottom and one needs not 
reckon with such sinking. They were well dispersed by the circulating 
water and the concentration can easily be determined by filtering them 
off on a black filterpaper and counting them. 

In most experiments 4 cockles were placed in a cylinder glass of 
255 cc and the concentration was determined every 5 minutes for a 
period of 15-20 minutes. Each value for the quantity of water pumped 
is the mean of 3-4 figures obtained in one such series. 

To get an idea of the degree of exactness in measuring the concen- 
tration the latter was determined 7 times in a WNoctiluca-suspension 
without cockles. Their average number was 87 specimens per 10 cc 
with a mean error of 6%. 


Bo RESULTS 


The results for the mussel are given in table I. 


AB Pe 
Mussel Length Breadth | Quantity of water pumped | Maximum 
in mm in mm in litres per hour 
A 68 30 1.9 
B 68 30 3.2-1.9-1.9—-0.7 32 
C To 33 2.3 
D 80 32 1.0-0,4—0.2 
E 67 29 1.8-2.6-0.9- 1.3 2.6 
1.I-I.Q—-1.2 
F 81 oom 3.2-1.8- 4.6—3.7— 4.6 
1.70.9 
G 48 25 1.4-0.8-I.I-1.3-0.7 1.4 


The average for 27 observations is 1.7 litres per hour, the maximum 
for a large animal (at least for a short period) is 4.6 litres per hour. 
The water temperature during the experiments was 11.8-14.7° C. 

It was stated above already that the indirect method is only able to 
give minimum values. One might therefore be inclined to suppose that 
the maximum values found represent the right ones and that all the 
others are too low. This seems also possible from the fact that there is 
so much variation for one and the same animal within a short period 
of time. If the results found after the indirect method for the mussel are 
compared with the certainly quite reliable values for the oyster found 
with the direct method by GAaLTsorr, CHIPMAN, ENGLE and CALDER- 
woop and by Loosanorr, NomEjko and ENGLE it attracts attention 
that the oyster may furnish relatively quite constant values for long 
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periods at a time. It seems, nevertheless, not impossible that these 
variations in the mussel do not represent abnormalities. First of all, the 
oyster too may sometimes show abnormally high values, which occur 
when clear water is available after the animals have been in “dirty” 
water for some time. LoosANorr and Nomejxko found for some animals 
average values as high as 25-27, and a maximum of 31-34 litres per 
hour. Secondly, there is a direct connection in my experiments between 
the size of the mussels and the average pumping velocity, and this is in 
favour of normal behaviour. The large animals C, D, F (77-80 mm 
long) show an average of 1.9, the animals A, B, E (67-68 mm) an 
average of 1.7 and the animal G (48 mm) an average of 1.1 litres per 
hour. This may mean that the volumes pumped are true. Generally 
speaking, the mussel lives in much more silty water than the oyster, 
and its pumping behaviour may accordingly differ and show much 
variation from one moment to another. It is probable from Van Dam’s 
observations on Mya arenaria (1937, p. 90) that pumping is faster 
shortly after a period of oxygen shortage than some time later. It 
would be worth while to try and gather pumping figures for the mussel 
by way of the direct method in order to get certainty on this point. 
As long as such figures are wanting we do probably best to assume that 
large Mytilus edulis of 70-80 mm length have an average pumping rate 
of 1.8 litres an hour, whereas smaller mussels pump accordingly less. 

The temperatures used in my experiments (11.8-14.7° C) differed 
too little to prove the existence of a connection between temperature 
and current velocity. Such a connection has been shown to exist in the 
oyster (GALTSOFF, 1928). 


The results for the cockle are given in table II. 


TABLEII 
Number of Length and breadth Quantity of water pumped per 
animals in mm cockle in litres per hour 
4 0.3 
4 0.6 
3 39/34, 37/31, 40/33 0.7 
4 30/26, 26/23, 30/28, 32/28 0.2 
t 34/29, 37/31, 30/25, 31/26 0.3 
I 39/34 1.1 
4 22/19, 29/24, 33/26, 28/25 0.7 
I 39/34 2.5 


It was stated already that each value represents the mean for 3-4 ones 
obtained separately, the total number of measurements is therefore 
again about 27. 
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The average for all values is 0.56 litres per cockle per hour. If the 
exceptionally high value of 2.5 litres is omitted the average is 0.48. 
We therefore may assume that adult animals pump about 0.5 litres 
per hour. The temperature of the water during the experiments was 


T7e3-10.5, G. 
IV. SUMMARY 


The average quantity of water pumped by mussels (Mytilus edulis) of 
70-80 mm long probably amounts to 1.8 litres per mussel per hour at 
temperatures of 11.8-14.7° CQ; smaller mussels pump less. The maxi- 
mum found for a large mussel was 4.6 litres. 

The average quantity pumped by cockles (Cardium edule) of some 
30-40 mm length amounts to 0.5 litres per cockle per hour at 17.3- 
19.5° CG; the maximum found was 2.5 litres. 

It is probable that these values are more or less right, but the 
determination of the pumping rate after a direct method would be 
valuable. 


I am much indebted to Dr J. VERwey for his helpful suggestions, his 
thorough criticism and particularly for translating the manuscript. 
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POE PREY ERENCE OF THE SEUG AROLIDIA 
PAPILLOSA (L.) FOR THE SEA ANEMONE 


METRIDIUM SENILE (L.) 
by 
H. STEHOUWER 
(Zoological Station, Den Helder) 


I. INTRODUCTION 


It is a well known fact that most of the nudibranchiate sea slugs use 
coelenterates as food. It also holds for one of the commonest species 
of the Dutch coast, Aeolidia papillosa, which feeds on the sea anemone 
Metridium senile. 

Looking more closely at the relation Aeolidia-Metridium it is natural 
to ask: Does Aeolidia indeed prefer Metridium? If so, on what is this 
preference based? How does Aeolidia discern Metridium from other sea 
anemones? If it finds its food by scent, does Metridium give off a 
different scent from Actinothoe or other species? 

During a stay at the Zoological Station, Den Helder, in the summer 
and autumn of 1949 I tried to give an answer to these questions. It 
should at once be stated that the answer obtained was only a 
partial one.! 


Il. METHODS 


After a number of preliminary experiments the following method was 
used to see if Aeolidia could find sea anemones from some distance and 
whether it reacted differently on different species. 

A number of Aeolidia papillosa were brought into an aquarium (fig. 1), 
receiving its water through two glass siphons from two small aquaria 
placed at a somewhat higher level. The siphons were chosen so wide 
that the slugs, if necessary, could pass them. One leg stood vertically in 
the small, the other slopingly on the bottom of the larger aquarium, 


1 Study of the subject was suggested to me by Dr J. VeRwey, Director of the 
Station; literature directly bearing on it was not found. 
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where both siphons were placed in each other’s immediate neighbour- 
hood. The water level in the small aquaria was kept constant through 
overflow, whereas the difference in water level between small and large 
aquaria, which determined the current velocity in the siphon, was 
regulated through a second siphon in the large aquarium, functioning 
at the same time as outflow of the latter. 


"| 
( 
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Aeolidia Fig: 


There were a number of such sets of three aquaria and in each large 
aquarium a number of Aeolidia were placed, whereas actinians were 
placed into one of the small aquaria of each set. The second small 
aquarium of each set contained water only. — The large aquarium 
with slugs was closed by a glass plate in order to prevent the animals 
from leaving it; Aeolidia is often inclined to leave the water, not only 
in aquaria, but also in nature. 

It was hoped that Aeolidia, should it scent the anemones, might con- 
centrate around the lower end of the siphon leading to the aquarium 
with anemones and perhaps even enter it; there was no concentration 
difference in the siphon itself, however. 

The first experiment was carried out with 1o Aeolidia. The anemone 
used was Metridium. Within 25 minutes 8 of the 10 slugs had entered 
the siphon, crept through it and reached the anemones. None of them 
entered the other siphon. In a second experiment the slugs collected 
around the siphon entrance leading to the anemones without entering 
it. It appeared that the current was too strong, the animals entering 
immediately after the current velocity had been lowered. It resulted 
from these experiments that the level difference between the small and 
the large aquaria had to be quite small and as this could easily be 
changed via the length of the outflow-siphon in the large aquarium 
regulation of the current velocity gave no difficulty. 
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The following experiments were all carried out after the same 
method in 4 (later 6) sets of 3 aquaria each. 

They represented 3 series: 

I, in which different species of sea anemones were tested against sea 

water without anemones; 
II, in which different species of sea anemones were tested against 
each other; 

III, in which young Metridium were tested against old ones; damaged 
anemones against undamaged ones; contracted anemones against 
expanded ones. 

In the first series g~12 slugs were used in each set of 3 aquaria, in the 
second and third series 20. — When Aeolidia grew older the siphon 
diameter had to be taken wider in order to make passage of the 
animals possible and the glass siphons were therefore exchanged for 
wide celluloid ones, which functioned quite as well. 

In the last series of experiments care was taken to maintain a certain 
difference in scent concentration between small and large aquaria by 
way of a separate inflow of sea water into the large aquarium. This was 
necessary, because without the latter the animals apparently had diffi- 
culty in perceiving differences. Such a separate inflow of sea water 
into the large aquarium should also have been used in the experiments 
of Series II, but this was realized only afterwards, when the expe- 
riments had been finished. It is possible that the use of an extra-inflow 
would even have been advantageous in the experiments of the first series. 


1D RESULTS 


In the first series of experiments 4 species of sea anemones were tested 
against blanks. This means that Aeolidia had to choose between a 
current of sea water from the general water circulation of the Station 
and a similar current which had passed an aquarium with anemones. 
The four species of anemones in question were Metridium senile (L.), 
Diadumene cincta STEPHENSON, Actinothoe anguicoma (Prick)! and Tealia 
felina (L.). Some few individuals (of Tealza only one) were used in each 
case. One should well realize that the only difference between both 
media presented to the slugs was that one of them had been in contact 
with sea anemones just before, the other not. If, therefore, the results 
would show that the water which had flown over the anemones is 
clearly preferred, this would mean that in the sea too Aeolidia may be 
directed by thissame influence and find its anemones from some distance. 


1 The possibility is perhaps not to be excluded that also Sagartia troglodytes (PRICE) 
has been among the specimens tested. The species resembles Actinothoe anguicoma 
(Price). See also Postcript. 
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Each experiment took about 24 hours and the number of slugs in 
each of the 4 sets of 3 aquaria was 9-12. The number of Aeolidia tested 
per experiment was therefore 36-48. As the number of experiments was 
14. the data have been obtained from some 600 separate observations. 

It results from table I that in 14 experiments with 9-12 slugs 52% 
of the slugs reach Metridium senile, none the water without anemones; 
of the same number tested 14.°% reach Diadumene cincta, 1% the water 
without anemones; of the third set 9 °% reach Actinothoe anguicoma, none 
the water without; of the fourth set 8°% reach Tealia felina, 1-2 % the 
water without. 

It is clear from these data that Aeolidia papillosa can easily discern 
between water which shortly before has passed anemones from water 
which has not. There is no doubt, therefore, that Acolidia must be able 
to find its anemones from some distance also in the sea. 

Secondly, it is clear that Aeolidia is much more strongly attracted to 
Metridium senile than to Diadumene cincta, Actinothoe anguicoma and Tealia 

felina, for Metridium catches 52% of the slugs tested, the other species 
only 14, 9 and 8% respectively. 

The following series of experiments was made to get further proof 
about this relation between Metridium and the other species. The four 
species of sea anemones were now tested against each other, i.e., the 
slugs got to choose between a current of sea water that had passed one 
species and a current that had passed another. Each experiment took 
about 20 hours and there were 14 experiments in all. There were 6 sets 
of 3 aquaria now. The number of slugs in each of the sets was 20, the 
total series referred to some 1400 separate observations. 

Table II gives the results. The figures are less convincing than one 
would have expected and this is certainly due to several causes. First 
of all, there was less concentration difference between the large aqua- 
rium and the small ones than in the experiments of series I, since the 
small aquaria feeding the large one both contained anemones now. The 
concentration difference between large and small aquaria must there- 
fore soon have decreased, a possibility which was only realized after 
the experiments had been finished. This may be the reason why the 
percentages of slugs reaching Metridium were so much smaller than in 
the experiments of series I. Secondly, the activity of Aeolidia decreases 
with increase of age. Thirdly, the experiments of series a and b (table 
IT) from 7 and 8 November onward gave me the impression that closed 
Metridium do not attract slugs as do open anemones. It further occurred 
several times that Actznothoe had somewhat been damaged on collecting 
(20 October, 7 November, see table II) and such specimens were 
apparently more attractive than normal ones. Similarly, Metridium was 
damaged after the slugs had reached and fed on them and they worked 


% Gi G 0% G ) ) 0% ‘5% guawunpoigT 
ee) Ol G 0) O1 O Ol “ * + *90yj0ulIP *4 
% S oO fe) CI oO (e) (0) (e) ) (e) fe) Gr 7 + + guaunpoig 
elt Cr Or Siar Or (e) fo) Cr Or 0) e) te) Ol 2 2 8 OTE. ME 
% O1 G co) Sa G G G ¢ G fe) cP 0% 5 + + 90yj0unsy 
is fe) G (e) O e) 0@ (e) OI e) (o) fo) (o) FBS MOD. 
Jae Gg G fo) ) ) eS 0 fo) O ) fj fo) Ol ‘+ + guaunpoig 
Ais GI e) SF) G te) Ol 09 09 Ol Ge ) OI G “+ wnipiujayy *O 
% O1 OI G OI 0% Ol o& Ci ov G 0) te) O (e) (e) “+ + s30yj0U1z97 
% Oz fo) ) 0) 0) ) OI GI GI oO oor | of Gj 0% ov 7 + wnipluayy *a 
Oy irks ) oO 0) (o) G G G g G 0) 0) G fo) G SP 8 STE 
en ) te) ) co) ce) ) G ¢ Gz o& Gz ta) ) Oz “5 + wnipijayy Vv 
aseraay | 11/er) 11/11} r1/or| 11/6 | 11/g | 11/Z | o1/1% | o1/o% | o1/61 | o1/gi | o1/S1 | o1/¥1 | o1/Er | o1/a1 


1X9} Jes UOT}eUR[dxe JsYyIINy OF *(speuutuY Of) JUsUUTIadxe Yow UT pasn vipyoap Jo AaquINU [e}0} dy} 
Jo soseyusosed Juasaidas soinsy oy], “19YIO Yowa surese pojsa} ‘souotmouK vas Jo sorads juasayIp Aq poiovine vIpyoap Jo soSvyusoI9g 


Il ALAGVL 

% oI fe) ) O II fe) OI fo) (e) fe) fe) O fe) fe) oO Beto Ears rey OTT 
iy br 1d gI oS e) ce) O Ol OI 0) OI ©) (o) OI s+ 5 8 + puma ca 
% O O fe) O O fe) O fe) (0) fe) (e) fe) fo) fe) (e) o> fe USE AA 
% ) ) G fy) BB ) Gz 6 ) 6 8 +P Oo oO + + + aoypourjop *o 
O/ . 
%o 1 Co) fo) ) ) ) ) ) Co) Co) 0 OI ) ) ) Fe aaTe AA, 
Pal fo) OI ) ) ) co ) on oG ) && gL ) ol + + guaunporg ‘a 
bs d 
% O ) ) ) to) ) ) ) ) Oo 0) co) te) ) ) crt 
% oG GI SI aS oor | oor | o1 0% 19 £9 cP 16 bY oor | O1 5 unpupsyy wv 

aseioAy | 01/01} 01/6 | 01/9 | o1/Z | o1/9 | o1/S | o1/F | 01/6 | 6/0& | 6/6% | 6/gz | 6/Lz | 6/gz | 6/Fz 


1x9] 9as uoNeuedxo royIny 10g *(suouttoeds 31-6) JusuIIIedxe Yows Ur pasn HIpYoapy JO AaquNu [v}0} dy) Jo seSejuao1ed 
jussoidod somsy YJ, ‘SoUOUTIUL JNOYITM Jo}eM JsuTese Pajsa} ‘souoUTOUe vas Jo soteds yUsIayIP Aq payowsne vIpyoap Jo soSvjusI10g 


I a@TaVii 


166 H. STEHOUWER 


strongly attractive then, one of them attracting 12 slugs on 20 as well 
as 21 October. This means that, also in undamaged specimens, besides 
quality also quantity of scent might play a role. Metridium, for instance, 
with its rich production of mucus, might give off more scent than 
Diadumene. There is the more reason to believe so, because Metridium 
does, in fact, give off a rather strong smell, which is easily perceived 
also by us. One should therefore at least try to work with comparable 
scent-emitting surfaces (assuming that the surface in this connection 
is important). This, however, is very difficult, especially so in the case 
of Diadumene cincta, which is quite small and which was preferently 
used in small numbers, since it does not easily attach itself to the glass 
and is therefore easily carried away by the water current. 

Notwithstanding these difficulties the results more or less corro- 
borate those of the first series of experiments. 

Metridium is preferred when compared with Tealia felina, Actinothoe 
anguicoma and Diadumene cincta, whereas there is no clear preference 
when the last 3 species are mutually compared; taking the results of 
both series of experiments (I and II) together one is inclined to suppose 
that Diadumene after Metridium comes first, Actinothoe and Tealia last, 
but series E (table [1) does not support that supposition (compare 
also p. 169). 

The fact that Aeolidia papillosa clearly prefers Metridium senile when 
compared with the other species of sea anemones tested may, as al- 
ready stated, be due to two causes. Assuming that chemoperception 
plays a role here, the first possibility is that the different species of 
anemones give off a different scent and that Acolida papillosa is especially 
attracted by the scent of Metridium because of its special character. 
The second possibility is that all these anemones give off a similar 
scent, and that Aeolidia is attracted strongest by that species that gives 
off the strongest scent. 

In view of the fact that Aeolidia papillosa first and foremost feeds on 
Metridium senile (and, according to other observations, also on Actinia 
equina L.), when these under aquarium conditions are presented to- 
gether with Dzadumene cincta, Actinothoe anguicoma or Tealia felina, one 
is inclined to assume that nature uses different scents as a base for the 
mutual relation between the slugssand the anemones. For a Tealia 
close by will always scent stronger than a Metridium far off and this 
would lead to the attack of Tealia, if strength of scent would play a 
role; nevertheless, in an aquarium, where all anemones atonemoment 
or the other are close by, Metridium is strongly preferred. 

There are, however, some facts, which point to the possibility that 
strength of scent is, to say the least, not negligible. It was stated above 
already that damaged and possibly also open anemones attracted more 
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slugs than undamaged and closed ones. If damaged Actinothoe, how- 
ever, would attract more slugs than undamaged Metridium (20 October 
and 7 November, table II), this would be in favour of the supposition 
that strength of scent is also of influence. It should at once be added 
that this question was not definitely solved, because the time at my 
disposal was used up in the experiments of series VI mentioned before. 

If, namely, one wants to compare damaged Actinothoe and un- 
damaged Metridium one should first of all be acquainted with the 
influence of damage as such, studied in one single species. Damaged 
and undamaged Metridium were therefore compared first. As the fore- 
going experiments, however, had furnished indications, that also 
closed and expanded Metridium might have a different influence on 
Aeolidia such animals were compared at the same time. There were 
moreover indications of a different influence of young and old ane- 
mones and these were therefore tested too. The whole third series of 
experiments therefore referred to one and the same species: Metridium 
senile. After it had been finished time was up and the comparison of 
damaged and undamaged specimens of different species had to be 
omitted. 

The single experiments of series III lasted about 12 hours and 20 
slugs were used in each of them, except in those of 10 December, in 
which the number was 16. The quantities of anemones were taken 
more or less comparable as to volume. It was already remarked that 
the large aquaria got extra-water to maintain a concentration differ- 
ence between large and small ones. 


TABLE Illa 


Percentages of Aeolidia attracted by young and old, damaged and undamaged, and 
expanded and contracted Metridium. No coating of cotton-wool around end of siphon 


Metridium 10/12 11/12 12/12 13/12 14/12 | Averages 
By SOWIE 9 Goes 31 10 85 35 20 36 % 
[oy toll coe S eteen ot to) 15 ) ~ 1e 5 OOK 
a. damaged. . . 18 35 35 15 25 26% 
b. undamaged. . 6 10 10 15 15 jit % 
EWao>.4 oy- bole (cto 12 10 45 20 30 23% 
b. contracted . . 6 20 5 10 20 7B OF 


The results are given in table IIa. In 5 experiments an average of 
36% of the slugs chose young, only 6% old Metridium,; 26% chose 
wounded against 11 °% undamaged anemones; 23 % chose expanded 
against 12%, closed Metridium. It seems clear that Metridium attracts 
more slugs when it is young, damaged and expanded than when the 
contrary is the case. One is inclined to assume that in all these cases 
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strength of scent causes the differences in question. This would mean 
that young and also expanded Metridium give off more scent than old, 
respectively contracted ones. At any event, this would hold in the 
first mentioned case. 

During these experiments the following difficulty arose, however. 

When undamaged Metridium attracted Acolidia they thereafter acted 
as damaged ones and the percentage of slugs attracted became higher 
than was to be expected from undamaged anemones. Therefore, in 
another series of experiments the siphon ends in all aquaria with un- 
damaged anemones (all aquaria except that containing the wounded 
animals in series b) got a coating of cotton-wool tied around them. 


TABLE IIIb 
Percentages as in table IIa. With coating of cotton-wool around end of siphon 


re oPpoD 


Metridium 15/12 | 15/12| 16/12| 16/12] 17/12 17/12 | 18/12 18/12] 19/12| 19/12] Averag 
> WON. 4s o BC (o) 5 (0) 15 20 25 20 10 25 15.0% 
old Aaa perenne Ce) fe) Co) 15 fe) 30 15 fe) ) 6.5 Y 
 damaged™ 3930 30 65 30 10 15 40 55 25 10 31.09 
.undamaged . o 10 ) ) 5 ) Co) ) 5 5 2.59 
mexpancdecdinmnn3 © 20 O 5 10 10 20 5 5 10 ial 
. contracted. . 20 5 Oo ) 10 5 20 30 10 5 10.5, 9 


The results are given in table IIIb whereas in table IV the results 
of table IIIa and IIIb are compared. 


TABLE IV 
Percentages of IIIa and IIIb compared 


Averages Averages 

table IIla table IIIb 
a OUT Cae 3655 TON 
adult sec 6% 6.5 % 
b. wounded . . 26% O10, 
not wounded TO ls Oe 
c. contracted . 12% 10.5 % 
expanded. . 23% 11.5% 


Table IV makes it probable that young Metridium senile indeed 
attract more slugs than old individuals. The great difference between 
the results of series [IIa and IIIb may be due to the fact that young 
animals in series IIIa, which had been damaged by Aeolidia, got too 
high a percentage of slugs through the damage done. 
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Further, wounded anemones attract more slugs than undamaged 
ones. — Thirdly, it is uncertain whether there really is a difference 
between expanded and contracted animals, the two cotton-wool series 
giving a difference that is negligible; the influence of damage done by 
entering slugs may have played a réle in series IIIa here.1 

These experiments with sieves of cotton-wool are also of interest 
from another point of view. Up till now it was uncertain whether 
Aeolidia scents sea anemones or whether it may perhaps have directly 
been reached by parts of mucus or other fragments given off by the 
anemones. The cotton-wool experiments make it probable that the 
anemones are indeed scented, as fragments and mucus must have been 
sieved out by the cotton-wool. The greater difference between damaged 
and undamaged animals in series IIIb than in IIIa may be due to the 
fact, that the siphon end in the case of the damaged animals of series 
IIIb was not packed in cotton-wool, whereas the siphon end of the 
undamaged ones was, so that in reality damaged animals and an open 
siphon were compared with undamaged animals and a siphon closed 
by cotton-wool. Fragments or mucus of damaged anemones may there- 
fore have been transported to the slugs through the open siphon, so 
that more scent was transported than by the water alone. 

It is important that Aeolidia continues its way to the anemone within 
a siphon in which a concentration difference is wanting. This means 
that the scent of the anemone is chiefly used to stimulate the slug 
to migrate against the current and that this anti-current movement is 
continued though there is no longer a concentration difference. To 
take away all misunderstanding it should be added that the siphons 
were wide enough to give the animals the opportunity to return. 

It should be added that the above facts tell nothing about the suita- 
bility of different anemone species as food for Aeolidia papillosa. Un- 
damaged Actinothoe are apparently little attacked, though in my ex- 
periments damaged Actinothoe were regularly consumed.' I saw Aeolidia 
feeding on Diadumene cincta, but much less often and more slowly than 
on Actinothoe. I further got the impression that quite young Aeolidia did 
not flourish on Diadumene cincta and after my experiments were finished 
SWENNEN at Den Helder found that young Aeolidia did not use Dia- 
dumene as food, even when no other food was available for many weeks. 
VERWEY saw large Aeolidia attack Tealia felina, but according to his 
observations they prefer by far Metridium senile. 

The method here used to demonstrate the preference of Aeolidia for 
one anemone or the other was finally used to see if the slug is also 
attracted by other individuals of its own species. The experiments 
sometimes gave the impression that this indeed may be the case. 


1 See also Postscript. 
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Special experiments gave no indication, however, that such an attrac- 
tion by congeners plays a role. The slugs regularly crept into the con- 
trol-aquaria in which no other Aeolidia were present, so that they 
occurred in quite variable numbers in all three aquaria. Accumulation 
of slugs must therefore apparently be ascribed (at least in most cases) 
to an increased emission of scent, due to damage done to the anemones. 


IV.SUMMARY 


The above experiments show that Aeolidia papillosa can find its chief 
prey, Metridium senile, from some distance, certainly by scent. It is more 
strongly attracted by Metridium senile than by the other species of 
anemones tested. It is not quite certain whether this is due to a 
difference in the character of the scent or to different strength of scent 
within the different species of anemones, though it is assumed that the 
character of the scent is of definite importance. Differences in strength 
of scent within one and the same species (Metridium senile) are certainly 
important, as wounded anemones attract more sluge than undamaged 
ones. It is of interest in this connection that young anemones attract 
more slugs than old ones. 

A concentration difference in scent causes Aeolidia to migrate against 
a current. This anticurrent movement is continued when a concen- 
tration difference is wanting; this shows that the animals are not 
directed by the concentration difference, but by the current direction. 

The experiments give no evidence that Aeolidia is attracted by the 
scent of congeners and so would find its food sooner than without their 
help. In such cases heightened scent-emission due to the attack of the 
anemones by the first-arrived Aeolidia will as a rule play a réle. 


Postscript: After this paper had been written miss Heikens found at 
Den Helder that cottonwool apparently may sieve a large part of the 
scent from the water. In this way the fact can be explained: that the 
figures for young and adult, and also for expanded and contracted 
anemones differ less in series IIIb than in IIIa and that the difference 
between wounded and unwounded Metridium is especially striking 
in series Iilb (in which cottonwool was used only in the case of the 
undamaged anemones). 

Further, SwENNEN found indications that Aeolidia papillosa may show 
a different preference for Sagartia troglodytes and Actinothoe anguicoma. 
Since the possibility is perhaps not to be excluded (see footnote p. 163) 
that Sagartra troglodytes occurred among the Actinothoe used the results 
in respect to Actinothoe should be considered with caution. 
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172 J. VERWEY 
I. INTRODUCTION 


The extensive sand flats within the coastal areas of the southeastern 
North Sea, which are so well known under the dutch name of Wadden, 
are populated by large numbers of polychaetous worms and other 
species. Since the study of these areas is progressing in many directions 
the question arises what réle animals play in their formation or change. 
This question is easier to put, however, than to answer. I will here try 
and deal with it in relation to two species of bivalve mollusks, which 
must be specially important in this connection because of their great 
numbers: the cockle (Cardium edule L.) and the mussel (Mytilus 
edulis L.). 

As one cannot expect to gain an insight into the matter before 
understanding what réle this special environment plays in the dis- 
tribution of these mollusks, their distributional ecology will be dealt 
with first and the influence of the animals on their environment will 
follow thereafter. 

In order to produce a base for useful conclusions the quantity and 
composition and also the source of the organic and other material 
suspended in the water, which is of so much importance to these 
problems, is dealt with in two separate chapters, whereas a special 
chapter is devoted to the feeding of these animals, which has been 
(and still is) the subject of many controversies. 

I owe many thanks to H. Postma, chemist to the Zoological Station, 
and to Dr C. O. vAN REGTEREN ALTENA at Leiden, for some valuable 
suggestions made during the reading of the manuscript, and to Prof. Dr 
Pu. H. Kuenen for revision of the English. 

Some photographs, originally destined for this paper, were used for 
illustrating the Waddensymposium (1950) (cf. KUENEN, Pu. H., in list 
of literature). They are referred to at appropriate places in the text. 


II. ECOLOGY OF DISTRIBUTION OF COCKLE AND MUSSEL 
I. THE ENVIRONMENT (compare map, fig. 6 p. 217)! 


If an attempt is made to characterize the Waddensea as an environ- 
ment for marine animals in general matters may thus be stated: 

1. Because of the shallowness of the area as a whole light can easily 
penetrate to the bottom. This opens the possibility for plant growth 
and the presence of plants means food and cover to animals. Animals 
can therefore be numerous. But these animals must be able to stand a 


* Hydrographic data on the Waddensea are given by Postma and VERWEY (1950). 
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fair quantity of light and they must not be hindered by the plants as 
might easily be the case on the flats. 

2. Generally speaking, currents in the Waddensea are rather strong 
(up to 4—5 km an hour in the western part) and oxygen and food are 
therefore easily transported to most parts of the area. But the animals 
must be able to stand these currents and this is especially difficult on a 
sandy bottom, which is constantly moving. The distribution of mussels, 
for instance, is greatly limited by that factor. 

3. Currents are valuable, because they transport food. But this 
transport can only be important, where plenty of food is available. 
The food consists partly of plankton and partly of other material in 
suspension. This suspended material consists of organic debris, ex- 
crements of organisms, very fine sand, and clay. It forms one whole 
with the plankton which cannot well be separated from it, so that it is 
also difficult to distinguish between organic material contained within 
the plankton and that present as detritus. It is difficult to estimate the 
total volume of wet organic matter present in plankton and detritus as 
a percentage of the total volume of plankton and suspended matter, 
but it may amount to something like 70-90 %. Its importance is for 
a large part due to the organic detritus, the quantity of which in our 
coastal waters is very high. Why it is so high has never been definitely 
established. It is generally assumed, I think, that it is due to plants 
(especially Zostera and algae). In my opinion, however, the mixing of 
fresh and salt water has also something to do with the matter. Where 
these meet their plankton is partly killed by the change in salinity, 
temperature or some other factor. As the quantity of fresh water 
partaking in the mixing is small compared with that of the sea water 
the latter must be the chief producer of the organic matter. PosrMa 
(1951) has pointed out that within the Waddensea it is transported 
against the gradient and accumulated within the quiet inner parts. It 
is especially there that sinking takes place, so that the quantity present 
on the bottom is increased. Since there must be an equilibrium, how- 
ever, between the large mass present on the bottom and the quantity 
present in the water in a suspended form, the latter quantity must also 
be high, notwithstanding the fact that currents there are weak. As 
the mixing of water goes on constantly the production of debris never 
stops. The question is dealth with in detail in chapter VI. 

I suppose, then, that the mixing of water masses is the chief cause 
of the richness in food of the Waddensea and of coastal areas generally. 
The currents, combined with the shallowness of the area, keep much 
material in suspension, but in quiet places the latter is deposited. It is 
therefore available to those species which are able to use it suspended, 
as well as to those, which use it as a deposit. And since the quantity 
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of matter is so great the number of individuals can also be great. 

4. The suspended matter, through its richness in organic material, 
is valuable as food to those animals which can use it, but at the same 
time it is detrimental to all organisms which are not able to stand its 
constant rain. Many species, especially among the hydroids, cannot 
work it away, except when helped by strong currents, and these are 
not found everywhere. The number of species is thus reduced because 
of the deleterious action of the so called silt. 

5. The mixing of fresh and salt water during part of the year keeps 
ihe salinity relatively low and this is of advantage to those species 
needing such a condition, but it reduces the number of truly marine 
species. 

6. The water of the Waddensea because of its shallowness largely 
follows the air temperature, and the temperature extremes certainly 
cause a further limitation of the number of species. 

7. Because of the shallowness, again, part of the flats fall dry at low 
tide and these are exposed to quite extreme conditions: drying out, 
great variation in the quantity of light, excessive heat and cold, etc. 
Changes in water level, therefore, form one of the first factors limiting 
the number of species. 


Summarizing, it may be stated that the Waddensea is inhabited by a 
small number of species, which can cope with (and possibly need) great 
differences in the quantity of light and suspended material, salinity and 
temperature, the strength of the currents and the changes in depth. 
But these animals have at their disposal extensive areas where com- 
petition with other species is less important than elsewhere and where 
food is abundant; they can therefore be numerous.! The distribution 
of both cockle and mussel should be seen in this light. 

What rédle, now, do the factors involved play in relation to the 
presence and numbers of cockle and mussel ? 


2. THE NEEDS OF THE COCKLE 


Cockles are limited to a sandy bottom, in which the animals dig them- 
selves in. They lie hidden just below the surface, the siphons like short 
chimneys caring for the supply and removal of the water (fig. 4). The 
grain size of the sand, generally speaking, is not important (KREGER, 
1940; SMIDT, 1951), but the bottom must lie in shallow water, a depth 
of about 3 metres forming the lower limit in the Waddensea proper, 


* SmrpT, in a recent paper on animal production in the Danish Waddensea, which 
came out after my paper had been written, compares the Waddensea with some 
other coastal areas and he concludes that the Wadden are extremely rich. 


Fig. 1. Cockle fishers at work naar Vlieland. Heaps of shells are lying everywhere ar 


ound. 
July 1939, D. Krecer photo. 


Fig. 2. Landing on the flats at sunrise. Sept. 1948. D. Krecrr photo. 


Fig. 4. In- and exhalation siphon of a single cockle on the flats, tentacles expanded. The 
wide opening is that of the inhalation siphon. D. Krecer photo. 
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whereas they lived up to about 5 metres deep in the former Zuydersea; 
in the Scheldt estuary they apparently live deeper still and in the North 
Sea off Den Helder we found them up to about 14. metres deep. The 
reason for this depth limit is probably given by their need of light, but 
this has not yet been ascertained. Through this tie to shallow areas the 
animals on the Dutch side of the North Sea are limited to a narrow 
stretch of coastal water, including the inlets and the Waddensea. 

Whereas their lower and outer limit is thus presumably caused by 
the absence of sufficient light their upper and inner limit may be 
caused either by the level of the sands or by salinity. Their upper level 
on the sands corresponds more or less to that of mean tide. They may 
occur in large numbers on flats falling dry for some hours every tide, 
but growth measurements clearly show that conditions are far from 
optimal where the upper limit is reached. They may also occur in the 
troughs on the beach of the Dutch west coast. — As to the salinity they 
stood less than 10°/5, total salinity in the Zuydersea, but they remained 
very small there and conditions must have been adverse. When the 
Zuydersea was closed reproduction of Cardium edule still took place at 
a salinity of about 9-10 9/59, whereas all Cardium died when the salinity 
fell to between about 5.5 and 1.5/9, (compare HavincaA, 1936, and 
SCHUURMANS STEKHOVEN, 1936). 

Within the coastal area with its lower outer and its upper inner 
limit cockles occur in enormous numbers (figs. 1 and 3), but these vary 
strongly from place to place. This comes to the fore especially on the 
shallows of the Waddensea, where locally more than 1000 large cockles 
per square metre are found, in other places hardly any. One can prob- 
ably state as a more or less general rule that few animals are found 
along the southern to western edges of the shallows; that a dense 
population may occur in stretches more or less parallel to the creeks 
at some distance from these (except along the southern and western 
edges) ; and that the remainder of the sands are thinly populated (see 
fig. 2). 

Several different factors are probably responsible for this capricious 
,minor’” distribution. The conclusions here given are based on the 
work of KreceR (1940), and non-published observations of miss 
BAGGERMAN, KREGER, KRISTENSEN and myself. 

The poorness of the population along the southern to western edges 
is certainly due to surf action. The bottom here is constantly in motion 
and there are indications that even larger animals cannot maintain 
themselves in such places. 

The dense population at a certain distance from the creeks must 
probably be ascribed to the presence of favourable current velocities 
combined with a favourable depth. As to current influence, the young 
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cockles are accumulated in certain areas, where currents are weak. 
This does not necessarily mean that food conditions are favourable 
there, for when these cockles grow older, food may become insufficient | 
at the place in question and stronger currents might be of more value; 
but it does mean that the settling of spat is largely influenced by the 
current velocity. — Also the depth over the sand is important, however, | 
because current velocity and depth cannot easily be separated. More- | 
over, less shallow water means a longer period of submergence to the - 
animals, which may result in better conditions for upgrowth and there- | 
fore smaller numbers of animals killed. 

The thin, rather uniform population over vast stretches of wide flats, 
finally, must in the first place be due to the uniformity and strength of | 
the currents moving over these areas, for the numbers of animals on 
such stretches may be higher in the current shadow of osier work than > 
anywhere around. Possibly, the numbers here are also smaller than © 
nearer the creeks, because so many young will have settled along the 
latter before reaching the wide stretches; this cause, however, I no 
longer consider of any importance, it could at its most play a rdle on 
vast stretches of sands like those near the island of Griend (fig. 6). 

My former assumption (see KREGER, 1940, p. 188) that dense 
cocklefields may owe their existence to the presence of tide rips (for 
description and photographs compare Postma, 1950), in which the 
larvae (as well as the plankton generally) would become concentrated, 
so that they would settle at such places in enormous numbers, now has 
to undergo a change. It is now assumed that the weak currents within 
these tide rip areas permit the young cockles to settle there and they 
may at the same time be concentrated after their having been carried 
away from other places. My change of opinion in this respect is espe- 
cially due to the work of miss BAGGERMAN, which will be published 
shortly. 

The young cockles in the period of metamorphosis must have means 
to reach shallow water. THorson (1946, p. 462-463) has drawn 
attention to the fact that larvae of marine evertebrates generally are 
positively phototactic when young, negatively when they grow older, 
in connection with their need after metamorphosis to seek the bottom. 
Those species inhabiting shallow water, however, would remain posi- 
tively phototactic also as older larvae, and THorson mentions as 
instances among others Balanus balanoides (certainly one of the very 
best examples), the polychaetous worm Pygospio elegans, the common 
mussel (the latter after SpARcK’s observations), and some other 
species. These species, through their constant positive phototaxis, 
would be bound to the water surface and thus be able to reach shallow 
places. It would therefore be natural to suppose that cockle larvae show 
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a similar innate behaviour. In the summer of 1950 Lucas at Den 
Helder has tried to find evidence for this assumption; his observations 
have not yet been fully worked out, however. 

Also the burrowing behaviour of the cockle is interesting from the 
point of view of these young animals. During metamorphosis the shell 
measures some 250-300 uw. As the diameter of the sand grains varies 
from 10 to 400 or more, the tiny young creep over and between 
boulders comparable to those of cairns. These boulders, however large 
they may be in relation to the young cockles, are exposed to currents, 
strong enough to overturn and roll them. This may be the reason why 
the majority of the animals establishing themselves definitely are not 
0.3, but some 1-2 mm, the younger ones apparently not getting hold 
except probably in very quiet places. These young of 1-2 mm, on 
digging themselves in with the help of their very long foot, disappear 
entirely below the uppermost sand grains, from where their siphons do 
not reach the surface. They apparently obtain their water through the 
grain interspaces. 

It was stated above already that the young may easier settle where 
currents are weak than where they are strong, but that food conditions 
at places with weak currents are not so good, so that dense populations 
there may grow poorly or die. Even in places with stronger currents 
the density may greatly decrease later on for the simple reason that 
there is not sufficient place. ORTON (1937) and THampRuP (SmIpT, 
1944, p. 19) found young cockles settling to the number of up to 
100.000 per m?, SmIDT (1951, p. 82 and 128) found up to 72.000, 
WOHLENBERG about 70.000 and 40.000 per m?. If 40.000 cockles of 
1 mm shell length are placed close together they cover a space of no 
more than 20 x 20 cm. But one year later they need about 16 square 
metres, so that for the majority there is no place left. The maximum 
density shown by one year old cockles is about 2000 per square metre. 
The bottom, in which they live, seems paved then. 

In conclusion, it may be stated that the cockle, because of its special 
needs, is much restricted in the choice of its grounds. 


3. THE NEEDS OF THE MUSSEL 


The behaviour of the mussel differs much from that of the cockle. 
Whereas the cockle digs itself in, the mussel as is well known attaches 
itself by means of chitin-like threads, which can be loosened again. 
These threads represent a remarkable semi-permanent form of attach- 
ment, which is also found in Chlamys opercularis, Ostrea edulis (KORRINGA 
and others), Mya arenaria (KELLOGG, 1901, SmipT, 1951) and even 
Cardium edule (JOHNSTONE, 1899, SEGERSTRALE, 1928). But in all these 
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species thread-spinning is limited to early life (in Chlamys according to 
our own observations it may also occur in halfgrown animals), whereas 
in mussels it remains. Attachment is difficult or impossible on a sandy 
bottom, which is constantly moving. But where stones or other bivalves 
cover the ground these form a suitable substratum to the mussel, 
especially cockles being very important in this respect. Mussels, once 
settled, may at their turn form a firm base for later individuals. 

Like the cockle the mussel is limited to shallow water, from some- 
what below high water! to a depth of some 6—9 metres. As an exception 
large banks may occur in somewhat deeper water, of up to 17 metres 
or perhaps more (northern part of Texelstroom, see map). In the North 
Sea at some distance from the coast mussels are wanting, except near 
the surface on the hulls of buoys and lightships.* From analogy with 
the cockle I have always assumed that they do not occur at the bottom 
there because the latter (at 20-25 m depth) does not receive sufficient 
light, but proof is still wanting and it must be admitted that they are 
absent also at the bottom nearer the coast, except where piers, etc. 
occur. In this connection KRrIsTENSEN draws my attention to the fact 
that old mussels can apparently live in the dark, whereas cockles pro- 
bably can not. The reason for the absence of mussels in deeper water 
might therefore be that the young do not settle in a dimly lighted 
environment, where as old animals they would be able to live. This 
seems unnatural from the viewpoint of the biological significance of 
such behaviour. — It has more than once been supposed that mussels 
hardly live outside the tidal zone, because the starfishes (Asterias rubens) 
destroy them there. Whereas this may hold good for certain localities 
the downward limit of 6-17 metres below low tide level in the Wadden- 
sea cannot be caused by starfishes, since the latter occur in great 
numbers also at 4 metres depth, where mussels may be numerous. 
Moreover, the cockle, which has a similar depth limit, is not preyed 
upon by starfishes. Anyhow, one can say that mussels, like cockles, are 
limited to a narrow coastal zéne including the inlets and the Waddensea. 

In the Zuydersea mussels diminished rapidly in numbers at the 
entrance to the southern part, where the salinity fell below 15-20 °/,,. 
After closure Mytilus was killed from the moment the salinity fell to 
9°/o9 and all animals were dead when the salinity had fallen to 6 
(Havinca, 1936, p. 10). Judging from the distribution in other areas 
(Baltic, Danish waters) the extreme lower limit is about 5/9, but this 


1 FISCHER (1929, p. 113) states that in quiet water the upper limit lies somewhat 
below the low highwaters of neap tide. 

° SCHRADER (1911) mentions a young individual from a depth of 42 m in the 
North Sea some 30-40 miles from the coast (Oystergrounds). He supposes that it 
was carried to that place as a larva. 
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is far from optimal, and animals found in such salinities remain quite 
small. Apparently, there is much agreement between cockle and mussel 
in respect to their salinity needs, but judging from their distribution 
and behaviour in the Zuydersea the mussel cannot stand such low 
salinities as the cockle. 


SEGERSTRALE (1942) mentions 4.5°/y) as the lower limit for total salinity stood 
by Mytilus edulis on the finnish coast. The more brackish the water there the smaller 
the animals are. Dopcson (1928), Fox, Marks and Austin (1936), and Fox (1941) 
have shown that mussels can only cope with such low salinities if they have quite 
gradually grown accustomed to them. 

Fox (1941) showed that the Californian mussel may grow accustomed to Cl’- 
concentrations of between about 9.4 and 28 9/99, i.e. about 17 and 50°/o, total salinity 
(seawater has about 30-35 °/o9 total salinity). Between these values the relation Cl’ 
in tissue water: Cl’ in seawater is about 1:1.6; below 17 and above 50°/99 this 
relation is not maintained and Fox believes that the animals do not survive this con- 
dition for somewhat longer periods. It follows from these observations that Mytilus 
californianus, which does not occur in bays and estuaries, but inhabits the open coast, 
has a much higher salinity range than Mytilus edulis, which is limited to shallow 
coastal water. Physiological and ecological differences therefore go hand in hand. 

Though Mytilus californianus in experiments stands salinities as low as 17°/99 the 
species in nature hardly occurs below 30°/o). Fox (1941) has assumed that it does 
not occur in water of lower salinities, because for the sexual products and develop- 
ment higher salinities would be needed. This assumption has been tested by YouNG 
(1941), who observed that gametes and young larvae live longest in water of 33.5 
and 29.6°/), and that already in water of 25.1°/j) conditions are not so good; 
fertilization may as a rule still occur in 21.5 °/9, but the survival of the larvae at this 
concentration is distinctly lower. In one experiment, however, Young obtained ferti- 
lization of some few eggs in water of only 9.1 °/9 salinity. Though, therefore, it may 
be true that sexual products and young larvae need higher salinities than the lowest 
ones stood by the old animals, it is clear that the reason why the old animals in 
nature do not occur below about 30°/ , must probably not be sought in the needs 
of the gametes or young larvae. Younc, after citing others, concludes that suri 
action, common on the open coasts where Mytilus californianus occurs, may be 
needed. 


The mussel does not inhabit the whole of the coastal area (in so far 
it is sufficiently shallow) in equal numbers. In this respect it does not 
differ from the cockle. The minor distribution of both species, how- 
ever, is totally different. If one determines the density of cockles over 
extensive flats it is striking how gradually it mostly changes along a 
traverse. Nothing like this holds for the mussel. It occurs in patches of 
large beds or small scalps, in which thousands or some very few 
animals may be accumulated. There is always local concentration, 
with areas or patches without mussels between. As to the distribution 
of these patches as a whole there seems at first sight to be no system in 
it at all. Observed through the eyes of a geomorphologist, however, 
two facts are obvious. They are well illustrated in photographs 11 and 
12 of the Waddensymposium. The first is that the patches are often 
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bordering creeks, the second that many of them are lying across the 
drainage channels of large shallows. Here they may form incomplete 
dams of up to 200 metres long. The longitudinal axes of the separate 
musselbeds are lying parallel to the longitudinal axes of the dam. The 
dam may be several beds broad and the beds forming it are, I believe, 
distributed in the most haphazard way. The breadth of the dam may 
amount to some 50 metres. Whereas, in many cases, therefore, the 
situation of musselbanks in one way or the other bears some relation 
to that of creeks, there are also patches of banks which cover part of an 
extensive shallow, apparently without a creek as starting point (Wad- 
densymposium, photograph 10). 

Here also, it is logical to ask for the reason of this special distribution. 

There is little doubt that it is a question of current velocity in the 
very first place. KUENEN (1942) has shown that mussels on a sandy 
bottom cannot maintain themselves where currents are strong and 
that food conditions are poor where currents are weak. Where mussel 
beds are situated along the slopes or edges of creeks the influence of 
currents is clear enough; where dams of mussel banks cross important 
drains I am inclined to assume that the dams grow up where current 
conditions are optimal. In the case where a creek is absent, finally, the 
part of the flats covered by mussels apparently always has currents 
differing from those over the rest of the flats. All this, however, should 
be confirmed by more observations, and, if possible, by experiments in 
the field. 

Judging from what is found in the cockle and bivalves generally, one 
expects that also in mussels the decision where the animals will settle 
must fall within the first weeks after metamorphosis. The question may 
be raised, then, how a musselbed can be formed through the action of 
thousands of mussel larvae more or less uniformly distributed in the 
water. For there can be no doubt that the distribution of the larvae 
after a stay of some weeks in the plankton may be called uniform. My 
original assumption was that the mussel would have a social instinct 
based on something like smell, and that through it the animals con- 
gregate into dense banks. MAas GEESTERANUS (1942) has shown, how- 
ever, that this is by no means the case and that banks are formed from 
mussels, which are accidentally carried over the place in question and 
find a firm substratum for attachment there. His observations may 
thus be summarized. 

Mussels, because of their method of attachment, prefer to settle in 
niches. While quite young they can do with small spaces and large 
numbers settle in the branching of hydroids and algae. I do not think 
that their preference for such frame work is based on the right niches 
only, but a certain preference for them is clear. However, they dis- 
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appear from this substratum after some time, apparently by loosening 
their hold. This tallies with the fact that large numbers of young 
mussels of from 0.5 mm and smaller, but up to 10 mm in length or 
more, are transported through the currents. MAas GEESTERANUS found 
more than once 50-60 animals settling on one group of 4 roof tiles 
(placed on the flats) within one single highwater period. As it is more 
than improbable that mussels of 0.5-10 mm length would not have 
passed an earlier period of attached life there is little doubt that the 
animals found had loosened their hold at other places. Assuming this 
supposition to be correct it does not seem unlikely that such an alter- 
nation between fixation, detachment, transport, and new fixation, may 
repeat itself several times and new observations, made near Den 
Helder by miss Coot in the summer of 1950, favour this assumption. 
It is probable from them that the somewhat older young mussels 
prefer places, different from those inhabited by the smallest and also 
from those inhabited by the larger individuals. As to these larger 
animals, there is probably only one substratum which wholly satisfies 
their need for niches: the musselbed itself. The animals congregate on 
them through their need of a suitable place of attachment; it must be 
assumed that such beds are built up through the action of thousands 
of individuals, carried over them by chance. T. C. NELson (1928) 
described for young Mytilus of up to nearly 1 mm in length the for- 
mation of a gas bubble by the gills, which would help the animals in 
floating; but here we are dealing with animals of up to 1 cm and more 
and it is not clear how such animals can be so easily transported. 

In connection with the above facts it is of interest that the process of 
building mussel beds may show some difference between old, existing 
beds, and young new ones. 

As to old beds, there are a number of places in the Waddensea where 
these probably exist for many years. Part of them may remain un- 
damaged for several years, others may be broken down again and again 
during the winter season, but the firm base is not easily destroyed and 
a certain number of living mussels may remain. The reasons for such 
damage have been given by Fieip (1923), who mentions storm or 
strong currents in winter, shifting sand, floating ice, frost, and some 
other factors working also during the remainder of the year. Such old 
beds apparently become covered by very few mussels of smallest size; 
they probably grow chiefly through the arrival of somewhat larger 
mussels. 

There are also localities, where old mussels are absent, but where 
conditions are quite suitable for the settling of young brood, for 
instance where a dense field of tubes of dead Lanice conchilega covers the 
bottom or where a cockle bank has entirely died through frost. Here 
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thousands of young mussels of one and the same size may grow out to 
extensive patches of some thickness (Waddensymposium, photographs 
8-9). They may be well on the way to become true musselbeds when 
storms come, and most of these patches are rolled up by the action of 
wind and currents, and their mussels are carried away. The chief reason 
for their destruction certainly is that these beds are situated in much 
exposed positions; they can, therefore, grow up in quiet periods, but 
are destroyed again in stormy ones. So, we cannot say that young 
mussels do not form beds, but the beds they form are easily destroyed 
again and make place for new ones. The mussels, which formed them, 
will gradually contribute to the importance of old beds, which chiefly 
grow through the addition of somewhat larger animals. 

The representation hare given for the younger beds is especially 
based on observations of KREGER and myself, made in 1939 (compare 
also KREGER, 1940); that given for old beds is based on the vision of 
the fisheries surveyor for the western part of the Waddensea, who 
believes that a number of old beds do remain for years. Probably, how- 
ever, there are many interstages between one group and the other. 
KREGER (1940, p. 182-184) described two extensive cockle beds of 
great density which he found in September 1937 at the Staart van 
Schieringhals. They consisted almost entirely of cockles born in 1936. 
Both were recognizable from far as a dark stretch, the dark colour being 
caused by algae (Enteromorpha, Cladophora, and others), which found a 
firm hold on the cockle pavement, chiefly on its dead cockles. In the 
centre of one of the beds a young musselbank had established itself. 
Returning there in the summer of 1939 KREGER found that both 
cocklebeds had been transformed into musselbanks, estimated to be 
0.75-1 metre high. Many of the mussels had been killed by the frost 
of the past winter and here and there heaps of shells had been washed 
together. A small bank of partly dead cockles and clusters of mussels 
was found at about 200 m from the first in northeastern direction and 
it looked as if a southwestern storm had carried them there from the 
chief bank. In this instance, cocklebeds had grown up on these flats in 
1936, a year in which there was an enormous brood fall of cockles 
everywhere in the Waddensea. These beds had grown to a hard 
pavement in 1937, when a field of young mussels began its develop- 
ment on the pavement of one of them. In 1938 the second bed also 
showed a musselfield and both these musselfields grew up to heavy 
banks in the course of that summer. Notwithstanding the fact that part 
of the mussels were killed by the frost and carried away the banks next 
summer had a height of 0.75-1 metre. 

This course of events is no more than an instance of the second 
possibility mentioned above, with the only difference that the mussel- 
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banks maintained themselves for a longer period. In many places such 
a course may even be the general rule. Frep says that musselbanks 
may disappear entirely 3—4 years after they grew up, to give place to 
new banks again. In the Waddensea it is not uncommon, I think, that 
there is a regular alternation between cockle and musselbanks in such 
cases. ‘The cocklebed is covered by mussels when the cockles are lying 
dense enough to form a hard pavement. This pavement gives the 
mussels a firm hold, but when their bank grows higher and higher it is 
exposed to so many dangers (frost, drying out, shortage of food, in- 
creased exposure against currents) that it can no longer withstand 
them. The mussels are carried away, together with the dead Cardium 
shells, and the sands are lying bare to receive a new cockle population 
next spring. Because there is ample place a dense bed of Cardium can 
again develop and the whole course of events may repeat itself. 

In conclusion, it is more than clear that the needs of the mussel, 
notwithstanding the fact that the species is so widely distributed, are 
no less special than those of the cockle and that the mussel, like the 
cockle, is therefore as restricted in the choice of its grounds. 


Ill. THE QUANTITY AND COMPOSITION OF THE MATTER 
SUSPENDED IN THE WATER 


The different distribution of cockle and mussel must result in a more 
or less different influence of both species on their surroundings and it 
may be asked whether this influence is reflected in the formation or 
growth of the area studied. 

Before dealing with this question two series of facts must be con- 
sidered in some detail. One is concerned with the quantity and com- 
position of the material suspended in the water, which is of so much 
importance to the animals studied. The second deals with feeding 
problems, which should form the base for a correct understanding of 
what happens to the suspended material pumped in by them. The 
latter chapter has become more detailed than would be necessary in 
connection with the problems discussed. The biology of feeding in 
bivalves represents a field with so many points of interest and at the 
same time so many controversies, however, that a fuller review ap- 
peared justified. It follows in chapter IV. 


As is well known lamellibranchs obtain their food from organic 
material in the water or laid down on the bottom. Such species as 
Scrobicularia, Macoma, Angulus ( Tellina) and Abra by means of their long 
siphon suck in the material laid down on the bottom, whereas such 
species as mussels and cockles, like clams, oysters, and many others 


TABLE I 


Loss on ignition in percentage of total quantity of suspended material and plankton, 


dried at 120° C 


Ess FLOOD oe 
Date Depth | Total quantity of | Loss on ignition | Total quantity of | Loss on ignition — 
matter in 1 |, in percentage matter in 1 l, in percentage 
dried at 120°, of total dried at 120°, of total 
in mg in mg 
1938 
June 2 0.5 m 59 20.2 138 22.9 
above 
bottom 
3 Q12 13.5 Sy 16.4 
7 205 11.4 186 15.8 
8 277 14.2 562 13.4 
9 88 15.9 457 26.4 
mean 15.— 19.— 
June 21 Im 
below 
surface 23 18.6 37 16.5 
22 18 19.— 50 16.— 
23 50 17-8 62 19.— 
24 47 18. 47 18.7 
27 15 20.4 503 (sand!) aha) 
mean 18.7 15.6 (without the | 
figure of 7.7 the | 
mean is 17.6%) 
Oct. 21 Im | 
above | 
bottom | 61.4 (mean for 61.3 (mean for} mean loss on ig- 
14samples, taken 12samples, taken | nition for ebb and 
every halfanhour everyhalfanhour | flood taken  to- 
of the ebb period) of in flood peri- | gether 16.5 
od 
Im 51.2 (mean for 44.4 (mean for 13.9 
below 14samples, taken 12samples, taken 
surface | everyhalfanhour every halfan hour | 
of the ebb period) of the flood peri- 
od) 
1940 
June 5 1.5m | mean 17.5 (be- 17.- 18.4 (beginning 14.7 | 
above | ginning of ebb) of flood) 
bottom } mean 77.4 4.4 52.5 (flood) 6.7 
(strong ebb) 
mean 35.9 (ebb) 12.2 21.9 (end of 9.7 
(flood) 
mean 24.0 (end 12.6 
of ebb) 
0.5 m mean 16.0 (be- 5.6 18.0 (low values 9.2 
below | ginning of ebb) flood) : 
surface | 21.1 (whole of 11.4 48.8 (high values 8.9 
ebb flood) 
15.6 (low values 17.0 
end of flood) 
32.9 (high values 11.2 


of flood) 
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take their food directly from the water by pumping the latter in and 
retaining the food. Before proceeding to their influence on this food, 
we will deal with the food itself first. 

It was already stated in chapter II that judging from microscopic 
examination the total volume of wet organic matter present in plankton 
and detritus may amount to something like 70-90% of the total of 
plankton and suspended matter together; it is only a rough estimate 
and therefore without much value. As this organic material contains 
much water (perhaps some 95%) it forms no more than a small per- 
centage of the total of a sample dried at 120°, as will follow below. 

The figures of table I relate to the water of the Nieuwe Diep, the 
harbour of Den Helder. The latter is no more than a creek of the 
Waddensea with dams on both sides. Strong ebb and flood currents 
run through it as is the case with other creeks, but the quantities of 
suspended matter may differ from those of other creeks, because land 
with sluices and fresh water are so near by. The figures for the harbour 
are the only exact figures available, however. They have been ob- 
tained by J. SCHEELE (as a chemist to the Rijks Waterstaat stationed 
at the Zoological Station) from samples collected in June and October, 
1938. A series of samples from June, 1940, have also been analysed, but 
in a less detailed manner, so that only the total quantities of solid 
matter, not the composition, are given here. The depth at the place of 
sampling was about 6 metres. 


ZN Oey, WS 
NIEUWE DIEP 


BOTTOM 


Fig. 5. Quantities of total suspended matter (plankton included) in the Nieuwe Diep, 
21 October 1938, according to determinations of J. Scourge. The figures are expressed 
in mg dry weight per litre of water. 
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The curves for 21 October 1938 (compare fig. 5) show that there 
exists — as is well known - a direct relation between the total quantity 
of suspended matter (plankton included) and the current velocity. The 
figures for 21 October 1938 further show that the total quantity is 
about the same at one metre below the surface as at one metre above 
the bottom, in other words, the quantity is rather homogeneous down 
to about one metre above the bottom. The loss on ignition, in which 
the organic material is contained, forms some 10-20% of the total. 
The loss on ignition tends to be low when the total quantity of matter 
is high, and inversely. This means that high total figures are in the 
first place due to an increase in the quantity of znorganic matter. 

The composition of this inorganic material (determined from the 
same samples) may be deduced from the details of table II. Because the 
separate samples contained too little material to be analysed separately 
the quantities of matter of all subsurface samples and those of all 
bottom samples were mixed and analysed together so that no difference 
between the quantities present during ebb and flood can be given. 


TABLE II 


Composition of inorganic constituents of suspended material (plankton included). 
The figures represent percentages of the ignition residue 


Depth Si0, .| CaO’ | MgO") Al,O, | FeO; | Total 
0.5 m above bottom (June 
2, 3, 7,8 and g, 1938) . 62.98 | 10.21 0.42 6.80 19.66 | 100.07 
1 m below surface (June 21, 
DEY, PBX, OY, PHT). TORS) 5 42.69 6.83 1.41 6.53 38.48 | 95.94 
1 m above bottom (October 
Pi WOKS) Goo oS 8 Go 75.6 12.8 trace 2.82 7.65 | 98.87 
1 m below surface (October : 
DESMO PYeN testa eg By 68.8 21.8 0.2 4.21 2.03mi O7e 70 


Bij accepting for clay the formula Al,O,2SiO, .nH,O one can calculate 
how much of the SiO, may be considered to belong to the clay, how 
much to the sand. The above table then reads as follows (table 165 Dy. 


The quantity of sand even in the surface water is quite variable, and, 
relatively speaking, nearly alwaysimportant. The quantity ofshell mate- 
rial (in any case that of lime) may be as variable as that of the sand. The 
percentage of clay (determined as Al,O;2SiO,.nH,O) is rather low 
through the high figures for sand; quite remarkable, finally, is the 
great quantity of Fe,O, (probably present as iron hydroxide), which 
may amount to nearly 40% of the residue remaining after ignition, 
or some 32% of the dried total, the loss on ignition included. Up to 


ON THE ECOLOGY OF COCKLE AND MUSSEL, ETC. 187 


1950 I have always been of opinion that this high percentage of iron- 
hydroxide in the suspended matter of the Nieuwe Diep might be due 
to the fact that the creek is used as a harbour, with many ships and all 
kinds of steel work, and that the suspended matter in the Waddensea 
itself would contain much less of this material. This vision was sup- 
ported by the fact that ScHEELE found similar high values (27.5—30 % 
of ignition residue) for the suspended matter in the water of the har- 
bour of Zeebrugge (Belgium). Before this paper went to press, how- 
ever, Posrma — doubting the correctness of this assumption — deter- 
mined the percentage of Fe,O,; in the suspended matter of water 
samples collected June 1949 at Texelstroom. He found values of 20-35 
(average 25) % (expressed as percentage of the dry weight). — SCHEELE 
found much lower values for October than for June. Since this might 
indicate an important annual variation Posrma also determined the 
percentage present in winter. As winter samples from the Waddensea 
were not available at that time he used samples collected in the Nieuwe 
Diep. These samples (taken February 9, 1950) gave the same high 
percentage of Fe,O, for the suspended matter as the summer samples 
from Texelstroom: 26-33 % of the dry weight. 


TABLE III 


Composition of inorganic material. The figures represent percentages 
of the ignition residue 


Shellsand 
Depth Sand | (CaO + Clay Fe,O; Total 
MgO) 
0.5 m above bottom 
(Cine Bao) of 6 eb 5 x 57.20 10.63 12.58 19.66 100.07 
1 m below surface 
(CURE BIT) oc 5 0 6 x 37.14 8.24 12.08 38.48 95-94 
1 m above bottom 
(October 21, 1938). . . 72.3 12.8 6.14 7.65 98.89 
1 m below surface 
(October 21, 1938). . . 63.8 22.— 9.17 2.93 97.90 


The determinations of ScHEELE and Posrma, combined, show that 
some 55% of sand, 12% of shellsand (CaO + MgO), 10% of clay 
and 23% of Fe,O3 may be considered a rough average for the com- 
position of the ignition residue. Because of the wide variation in the 
percentages involved, and the small number of determinations carried 
out, this figure is rather arbitrary, but it has some value for further 
calculations. Besides, the average loss on ignition amounts to some 
17%, but this percentage does not refer to the residue after ignition, 
but to the material dried at 120° C. 
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Numerous observations made in the Western Waddensea by H. 
Posrma during the years 1946—51 have shown that the average total 
of suspended matter (plankton included) may be estimated at about 
25 mg per litre (dry weight at 120° C) and that the average loss on 
ignition amounts to 5.- mg. The CO, from the shellsand is contained 
in the loss on ignition and according to PosrMa’s observations its 
weight is about 2.— mg, so that about 3.— mg remain. These represent 
organic material, since the water from the ironhydroxide — as has also 
been shown by Posrma — is driven out through drying at 120° C. 

The result is that the average quantity of organic material (3 mg) 
represents about 12 % of the total quantity of plankton and suspended 
matter together (25 mg per litre). 

Accepting these figures as an average for further calculations and 
using the percentage for sand, shellsand, clay and Fe,O;, which were 
given above, the water of the western Waddensea may contain on an 
average: 


Orsanie materially ee. 3 

Sart cpa eet yee eecees a kell 

Shellsand (CO, included) 4.4 

Clay et are oe 

Fe,Osa bh ee 

‘Totally ete eee Se enpemlitens 


The figures refer to the weight after drying at 120° C. 

If the different constituents are expressed as percentages of the dry 
total of all suspended matter (plankton included) we find the following 
figures: 


Organic materially. | al 2%5 
Sani) tise ts so pee 
Shelisand jae 720 
Clay-*. see ees eG 
MEMO hc ss 6 o 6 6 o od Jet 


It should constantly be kept in mind that these figures represent rough 
averages and that they may show variation from place to place and in 
different periods of the year. The average figure of 12 % for the organic 
material is based on a large number of data, however. 


1 Linke (1940) remarks the following: “‘Die Strukturanalyse zahlreicher Schlick- 
proben (bottom samples) hat ergeben, dass 35 bis 70% Diatomeenschalen, 3 bis 
12% organogener Kalk und ebensoviel organische Substanz im Schlick enthalten 
sind; die minerogenen Anteile treten oft stark zuriick. Eine abnliche Zusammen- 
setzung haben auch die Sinkstoffe im Wattenmeer, nur dass hier die organogenen 
Anteile einen etwas héheren Anteil an der Gesamtzusammensetzung haben.”’ This 
would mean that, Diatom shells included, at least 40-94.°4 of the suspended ma- 
terial in the Waddensea is organic. This seems a very high percentage and one 
would like to know what the word “Strukturanalyse’? means and in how far these 
figures are comparable with ours. 
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IV. THE FEEDING BIOLOGY OF BIVALVE MOLLUSKS 


We now come to the difficult question what exactly happens to this 
material through the activity of the animals. One cannot gain an 
insight into their actual réle in matters of sedimentation Pithout some 
fundamental knowledge of their feeding behaviour and the latter has 
_ been the subject of much controversy. 

A number of points, which have already been enumerated in the 
general contents of this paper, are of interest in connection with this 
chapter. 

They are dealt with below. 

Research has chiefly concentrated on two groups of species: mussels 
and oysters. Very little work has been done on the cockle. As the 
principle involved is more important, however, than the actual facts, 
data on the oyster will be used whereever they may be of value. 


I. HOW MANY HOURS A DAY DO THE ANIMALS PUMP? 


This number has never been accurately determined, but a great many 
observations have been made on the times the shells are kept open or 
closed. Strictly speaking, open or closed shells are not representative 
for actual pumping, because pumping may go on while the shells are 
nearly closed and as an exception may stop when the shells are open. 
On the whole, however, pumping goes on as long as the shells are 
open. This even holds for mussels at very low temperatures. 

LoosANnorF and NomejKo (1946) registered opening and closing of 
the shell in a number of specimens of Ostrea virginica in the field. They 
found that the animals kept their shells on an average open for more 
than 22.5 hours a day. NELSON (1921 and ’23) and GaLtsorF (1926) 
found an average of 20, GALTSOFF (1928) of about 17 hours, due to the 
fact that in a few instances oysters failed to open during the 24-hour 
period. Ga.tsorr’s animals were kept in aquaria, however, those of 
LoosanorF and Nomejko and those of NEtson in the field. It should be 
added that the water temperature in all these experiments was rather 
high. 

Hopkins (1931) found for Ostrea lurida that the animals on an 
average kept their shells open for over 20 hours, LoosANoFF (1939) 
found for Venus mercenaria a period of about 21.5 hours, LOOsANOFF 


1 For literature see DopGson 1928, GaA.tsorF 1928, Hopkins 1933, and LoosANOFF 
and ENGLE 1947. Whereas there is agreement about the fact that pumping may be 
stopped while the shells are open the data on pumping with nearly closed shells are 
controversial. Hopkins stresses the point, however, that in Ostrea gigas no pumping 
takes place unless the shells are a little distance apart. “This distance represents the 
thickness of the mantle at the edge of the shell.” 
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(1942) for American Mytilus edulis periods varying between 18.5 and 
24 hours per day. 

All these determinations show that, if possible, bivalves keep their 
shells open for more than 80% of the 24 hours.? 

Shell movements are little or not influenced by the annual change of 
temperature, except that the shells may be closed at low temperatures 
and according to Hopxins’ observations (1933) also at high ones. 
Hopkins (1933) observed that Ostrea gigas is open most of all at about 
20° GC and that it often closes below 6 and above 24° C, a point to 
which I return further on. Closing at low temperature was also ob- 
served by him (1931) in Ostrea lurida. 


In this species Hopkins (1931, p. 8-10) has shown that between about 7 and 
17° C the temperature as such is of no influence on shell closing, though the influence 
of temperature changes is striking. The influence of one and the same temperature 
change (in this case of 2° C) is the greater the more the water temperature, in which 
the change takes place, approaches 7° C. Hopxins gives no data for still colder 
water. 

I think, his observations, combined with those of others, show that the tempe- 
rature as such causes increased closing below 7-8°, whereas temperature changes of 
2° are still active (though to a slight extent) in water of up to 17°. 


That the shells may be closed at low temperatures has also been 
proved clearly by Loosanorr (1939) for Venus mercenaria, a species 
which closes constantly below about 3° C and is more or less constantly 
open above about 8° C. There is a clear relation between closing and 
temperature between 3 and 8°, and no relation between 11 and 28° C. 
— Closing at low temperatures was further shown by Ga.tsorF (1928) 
to take place in Ostrea virginica (compare also page 196), whereas 
Doncson (1928, p. 208) for Ostrea edulis described cessation of func- 
tioning below about 3° C. In the latter case extrusion of faeces and 
pseudofaeces was used as a criterion.” 

According to the observations of Dopcson (1928) and LoosANorF 


* Hopkins (1931) found that one Ostrea virginica, tested for nearly two months 
(October-November) in running water, opened only 14.5 hours a day; two others, 
tested for 78 hours in summer, were open an average of only 10.4 hours a day; four 
others, in artificially aerated water, remained open an average of only 6.6 hours 
daily. He assumes that various factors may have been responsible for these low 
figures. 

* NELSON (1923) states that a sudden drop in temperature may result in tempo- 
rary decrease in the daily number of hours of activity. Between 4 and 6° C there 
is a sharp decrease in the ciliary activity of oysters, normal feeding occurs above this 
range, while almost no food is taken when the temperature of the water is below 
4° C. Though these remarks give the impression that the ciliary activity was watched 
I suppose that conclusions were based on shell movements, since NELSON worked 
with an apparatus recording the shell movements of oysters in the sea. I did not see 
NEtson’s publication of 1921, which probably gives further details. 
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(1942) Mytilus edulis behaves quite differently. Dopeson (p. 194) states 
that it has been observed to function normally at all temperatures 
between 0 and 26° C.1 “At no particular temperature, or range of 
temperature, between the above limits, have they been noted to func- 
tion especially actively or especially passively.’’ Dopcson’s further 
data (p. 194-207) go on to show that mussels may continue feeding and 
ejecting faeces and pseudofaeces in water temperatures sinking below 
zero. It will appear below, however, that mussels in water of about 
zero according to Dopcson may close during the day and open during 
the night only, and that in such cases active pumping takes place only 
at night. 

Loosanorr found that American Mytilus edulis did not close their 
shell more than 25% of the total time even at 1° C, that at temper- 
atures between 0 and 1° a current of water was produced, that the 
cilia propelled small solid particles and that the stomachs of mussels 
removed from such cold water contained food. 

It is clear from these observations that Mytilus edulis can cope with 
much lower temperatures than Venus mercenaria and Ostrea virginica and 
lurida. Mytilus edulis is a shallow water species with a northerly distri- 
bution and in connection therewith it must be able to stand great 
temperature differences and especially very low temperatures. 

It was stated above that Mytilus edulis at low temperatures may close 
during the day and open at night only. Dopcson stresses the fact, 
emerging from a long series of observations, that mussels can be relied 
upon to open and function in the dark or in very subdued daylight, but 
not always to open during the day, especially when the temperature is 
low (p. 178, 187, 193-194, 201-202). They are as a rule open during 
the day when the temperature is 4°, frequently function in daylight at 
1-2° C, and are usually closed in daylight if the temperature is at or 
below zero; in the dark, however, they are active in all these cases. 

Such a difference between day and night was not found by Loosa- 
NOFF (1942) in American Mytilus edulis, but LoosANorF (1939) found 
a similar behaviour in Venus mercenaria. The latter also closes its shell 
somewhat more during the day than during the. night, especially 
’ between 5 and 15° C. It may perhaps be assumed that light and low 
temperatures cause closing, that high temperatures cause opening of 
shells and that at high temperatures the influence of temperature 
exceeds by far that of light. 

The above observations show that oysters fully close at low temper- 
atures, whereas mussels may close at low temperatures during the day 
only. In both cases there is increased closing at low temperatures. In 


1 Even at 26° C mussels were on one occasion seen to be actively feeding and 
passing faeces and pseudofaeces at a rapid rate. 
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this connection it is of interest that Ostrea lurida according to HopKIns 
(1931) closes more during the daily hours of low than during the hours 
of higher temperatures, the average daily curves for water temperature 
and shell closing showing complete parallelism.! It is therefore clear 
that, especially in the oyster, decrease of temperature under all con- 
ditions gives increased closing. 

When the temperature is not extraordinarily low shell movements 
are apparently little or not influenced by the rhythmic change of light 
during day and night. This is shown by observations of GALTSOFF 
(1928) for Ostrea virginica®, of WEBB (1930) for Ostrea edulis and of 
LoosanorF (1942) for Mytilus edulis in America. LoosanorF cites WEN- 
RICH (1916) and CHIPMAN (1931) to the effect that also freshwater 
mussels show no different behaviour during night or day and Loosa- 
NoFF concludes (1942, p. 233): ‘‘It indicates nature’s provision enabling 
the mussels to keep their shells open at any hour of the daily cycle. If, 
because of the light, the mussels were compelled to keep their shells 
closed during the day, their feeding time would be confined to the 
hours of darkness only.” 

Especially sudden changes of temperature and also sudden changes 
of light may have a definite influence on closing (Dopcson, 1928: 
mussel; GALTSOFF 1928 and Hopkins 1931: Ostrea virginica and lurida 
resp.). That LoosanorF (1939 and 1942) found no such effect in Venus 
mercenaria and American Mytilus edulis is not in contradiction to these 
findings, because the animals are apt to behave capriciously and hard 
and fast rules in this respect cannot be given. Dopcson, moreover, 
states that mussels show little or no response to artificial, only to 
natural light. 

There is also an influence of mechanical and chemical factors, 
changes in Px or gas content, etc. (GALTsoFF, 1928). Especially the 
observations of GALTSsoFF C.s. (1947) on the influence of pulp mill waste 
on the times of shell closing in Ostrea virginica are interesting, as are 
also those of LoosanorF and ENGLE on the rhythm of contraction of 
Ostrea lurida in high concentrations of micro-organisms with presum- 
ably toxic products. How Dopcson’s observations (p. 191) on the 
influence of the changing tide on mussel activity must be interpreted I 
dare not say. 

In such species as cockles and mussels, which may fall dry for con- 


‘ Hopkins supposes that also light may have had some influence on this phe- 
nomenon and his observations for Ostrea virginica seem to point in the same direction. 
His observations make probable, however, that temperature in this respect is far 
more important than light. 

* NELSON (1921) was of the opinion that oysters (Ostrea virginica) are openles sat 


night than during the day. Possibly, temperature influenced his results, but I did 
not see his publication, 
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siderable lengths of time, the number of hours of daily activity may be 
lower than those for bivalves which live constantly under water and 
for that reason a very low average, of no more than 12 hours of pump- 
ing per day, will be used as a base for the calculations following below. 


2.WHAT QUANTITIES OF WATER DO BIVALVES PUMP PER HOURP 


The most complete details on this point are those of LoosaNnorr and 
NomeEjko (1946), LoosAnorF and ENGLE (1947) and GALtsorr, CutP- 
MAN, ENGLE and CaLpERWwoop (1947) for the oysters Ostrea virginica 
and lurida. They actually measure the quantities of water pumped. 
LoosanorF and Nomejxo for Ostrea virginica found an average of 12.5- 
18, GALTSOFF c.s. (1947) an average of about 6-12 litres per hour. 
Nothing is remarked about the fact that these values are so much 
higher than those found after the same method by Ga.rsorr (1928), 
with a maximum of only 3.9 litres per hour. The higher figures may be 
more correct than the lower ones, however, and the studies of 1946 and 
1947 are of admirable thoroughness. Whereas the values mentioned 
above represent average ones, the maxima may be still much higher. 
LoosaNorF and ENGLE mention one animal (Ostrea lurida) with a 
maximum of nearly 26 litres per hour for a short period, while 4 others 
pumped from 21 to 22.5 litres for a similar period of time. LoosANOFF 
and NoMEjKO mention some animals (Ostrea virginica) pumping 25-27 
litres per hour on an average, with a maximum of 31-34 litres per 
hour. The temperatures in the latter experiments were 19.1—25.8° C. 
LoosanorF and ENGLE stress the fact that very high values may be 
attained when clear water is available again after the animals have 
been in highly concentrated suspensions of micro-organisms for some 
time. This water apparently has the function of cleansing the animals 
(see especially p. 49 of their paper). 

For the Californian sea mussel the quantity has been determined by 
Fox, SvERDRUP and CUNNINGHAM (1937). They used, contrary to 
GaLTsoFF c.s., and LoosANOFF c.s., an indirect method and their 
figures must be considered minima: they may be too low, but can not 
be too high. They find that at temperatures of 20-23° C mussels of 
60-82 (average 74) mm pump 0.5—2.1 (average 1.4) litres per hour, 
that mussels of 95-130 (average 102) mm pump 2.2—2.9 (average 2.6) 
litres, whereas the 4 largest animals of 174-182 (average 178) mm 
pumped 1.8-18.1 (average 6.4) litres. Mytilus californianus becomes 
much larger than Mytilus edulis, which grows to about 90 mm only. 
Animals of 60-82 (average 74) mm may well be compared with about 
fullgrown Dutch mussels, and according to these investigations such 
animals would pump about 1.4 litres per hour. 
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JORGENSEN (1949), using the same indirect method, but somewhat 
simplified, finds some 0.16 litres per hour for Mytilus edulis of about 
15 mm and some 0.75 litres for Mytilus of about 30 mm length. Temper- 
atures for these experiments are not given. WILLEMSEN (1952) used this 
simplified indirect method at Den Helder. He gave me permission to 
mention that mussels of 67-80 mm on an average pumped 1.8 litres 
per hour at a temperature of 12-15° C, whereas the maximum for an 
individual of 81 mm (at least for a short period) was 4.6 litres per hour. 

A summary of some of these values is given here: 


Length of animals 


Number of litres 
pumped per hour 


15 mm 0.16 (JORGENSEN) 

32 0.75 >» 

48 1.1 (WILLEMSEN) 
67-68 ih sf 45 
77-80 1.9 - 


JORGENSEN, in an earlier investigation (1943), found a value of about 0.04 litres 
per hour at 11-22° for small Mytilus edulis of about 0.2 g. In his table V he compares 
the quantity of water they pump with that of mussels of other sizes, neglecting the 
fact, however, that the youngest animals are no mussel but oyster larvae, and that 
the other observations relate partly to Mytilus edulis, partly to Mytilus californianus. 
These figures, therefore, should not be compared, but comparison of those for 
Mytilus californianus (taken from Fox, SVERDRUP and CUNNINGHAM) shows the same 
principle as that stressed by JORGENSEN: younger animals per gram of weight pump 
relatively much faster than older ones. Dr P. H. L. Tames drew my attention to 
the fact, however, that in these animals there is a linear correlation between the 
quantities pumped and the relative value for their inner surface, for which he takes 
the square of the cube root of their weight. 

WILLEMSEN also determined the quantity of water pumped by the 
cockle and he found an average of about 0.5 litres for old individuals of 
30-40 mm length at 17.3-19.5° C. The maximum found was 2.5 litres. 

It is of importance that the quantities of water pumped by one and 
the same animal may show much variation. Mac GinitrE ascribes this 
to the contraction of the gills. Complete contraction according to him 
shuts off the current of water entirely. But the quantities of water 
pumped also depend on other regulating mechanisms, which have 
well been summarized by Loosanorr and ENGLE: The rate at which 
the water passes through the oyster is controlled by the beat frequency 
of the laterial cilia of the gills, by the expansion and contraction of the 
gill ostia, the position of the edges of the mantle, and by the activity of 
the adductor muscle (which closes the shell). This is an admirable 
summary, to which one should add the expansion and flattening to- 
gether of the gills in Ostrea (described for Ostrea gigas by Hopxins, 1933, 
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see small print below) and the functioning of the velum in the inhalant 
and that of the septa in the exhalant opening in Mptilus, described 
below (small print this page, and p. 204). One should finally realize 
that all these forms of control are probably influenced by different 
factors, of which temperature and chemical (possibly also mechanical) 
influences may be the most important. 


A good impression of the delicacy of the regulating mechanisms can be obtained 
from the detailed descriptions of Dopcson for the mussel. Three such instances are 
cited here. 

Dopecson (p. 169) describes how at the base of the exhalent siphon two thin 
membranous septa occur, which may open and close the entrance to the siphon 
from within. “If the septa be watched (by artificial light) in a feeding mussel, they 
will often be seen to be performing more or less rhythmic movements of extension 
and retraction. The projection of fine suspended particles against the fimbriated 
margin of the inhalent opening may be followed by sharp extension of both septa, 
with almost complete momentary occlusion of the basal-slit.”” Dopcson (p. 170) 
could also observe that the movements of the inhalent velum (compare p. 204 of 
this paper) may be influenced by opening or closure of the exhalent septa. 

On p. 170-172 Dopason describes observations on the movements of the gills, 
which make it probable that the continuity of the walls of the suprabranchial 
chamber may be interrupted, so that the subpallial chamber is no longer subdivided. 
In such a case the inhalent and exhalent orifices become almost coterminous. The 
whole mechanism reminds one strongly of what may happen in the wall between 
the lower and upper branchial chambers of crabs (VERWEY, 1930, p. 226-228). 

Again, on p. 166, Dopcson states: ‘““There may be a definite reflex arc between 
the rectum or anus and the adductor muscle, as closed mussels, lying in water, have 
been noted to open a few millimetres, pass a faecal ribbon in the exhalent stream, 
and then quickly close again, and remain closed. In mussels taken out of water, after 
a “full meal’, that is, with a full alimentary canal; and stored for some time, the 
rectum has been found to be engorged, apparently almost to bursting point, but no 
extruded faeces have ever been found in the mantle cavity.” 

Also Hopkins (1933, p. 487-488) gives some detailed observations relating to 
Ostrea gigas: ‘“When the most rapid current is being produced the gills are fully 
expanded and separate from one another. Then two of the demibranchs may be 
observed to flatten together, either partially or completely, and there is an immedi- 
ate reduction in rate. Very frequently it was observed that the two medial demi- 
branchs would flatten together and the two others press themselves against the right 
and left mantles, respectively. Sometimes this reaction would be momentary; at 
other times it could last for hours to a greater or less degree.” : 

“Accompanying a sudden shell movement, the gills often contract far back as if 
to close completely the gill chambers. Such a contraction either alone or in con- 
junction with shell closure causes complete cessation of flow. GALrsorFr (1928) 
noted marked changes in the rate of pumping which were probably due largely to 
movements of the gills. It may be also, as suggested by Gautsorr, that mucus forms 
a layer over the gills, clogging the pores and impeding or stopping the current. 
Actually to observe this, however, is difficult.” . 

There is a striking shortage in such detailed observations in the literature dealing 
with this subject and in invertebrate literature generally. 


The quantities of water pumped may depend on quite a number of 
different factors. 
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Temperature influence on the rate of pumping in oysters has es- 
pecially been studied by Gatrsorr (1928) and Hopkins (1933 and 
1935). GALTSoFF paid much attention to the influence of temperature 
on ciliary movement (compare in this connection also the footnote on 
p. 190 ofthis paper). Ciliary movement in Ostrea virginica may continue 
to below zero, but it becomes very slow and irregular then, and in the 
majority of oysters the current according to GALTsorF stops when the 
temperature sinks below 8°, this being due to the lack of coordination 
of the ciliary motion. Generally speaking, the quantities pumped are 
highest at high temperatures (25—30° C), and they are lower at ro than 
at 20° C. The importance of this fact is well demonstrated by such 
work as that of SAvAGE (1925), showing that the quantities of food 
obtained by Ostrea edulis on the Suffolk coast are negligible during the 
period January—April, whereas appreciable quantities are taken from 
July to October, with a short period of brisk feeding in August and 
September. The temperature during these observations ranged from 
ZeTO (O02 aC. 

Hopkins observations on Ostrea gigas are of special value, because 
they give an analysis of temperature influence on both shell closing 
and ciliary movement. He finds that the quantity of water pumped 
depends on ciliary movement and the degree of openness of the shell 
and mantle. At a certain temperature there is a direct relation between 
the degree of openness of the shell and the quantity of water pumped. 
Temperature changes, however, have a different effect on shell opening 
and ciliary movement. Ciliary motion increases up to 27—28° (as also 
found in Ostrea virginica by GALTSOFF), but the shells open widest at 
about 20° and a change of temperature from 20° to 25° causes a 
tendency for the shells to close, but produces at the same time more 
rapid action of the gill cilia, with the result that the effect on pumping 
is antagonistic. Below 20° an increase in temperature has more effect 
on pumping than one would expect from the increase in ciliary activity, 
but above 20° the effect on pumping is less. Hopkins adds that both 
high and low temperatures (above 20° and below about 6°) appear to 
stimulate the oyster through sensory channels. It is quite difficult to 
keep a specimen open for experimentation either below 5° or above 
25°; the further from the optimum, the more difficult it becomes. 

Also the mantle margin shows movements which influence the cur- 
‘rent. HopKins supposes that its tentacles have a function as receptors 
for stimulation by temperature, just as they possess receptors for stim- 
ulation by chemicals (Hopkins, 1932 a and b). Mantle, adductor 
muscle and ciliary movement appear to be directly affected by 
temperature, but they all seem to act with a high degree of inde- 
pendence of one another, ‘“‘with the result that variations in the rate 
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of flow are tremendous.” Hopxms finally refers to GRAY (1928), who 
noted that the amplitude of beat of Mptilus cilia decreases above 
33° while the rate of beat continues to increase up to about 37.5° C. 
“This suggests a comparable difference in temperature optima 
concerned in the activity of single cilia, and emphasizes the com- 
plexity of the activities resulting in a single curve of gross activity at 
different temperatures.” 

Loosanorr’s and Dopgson’s observations on the state of affairs in 
the mussel were mentioned already. In this species the current goes on 
even below zero, but this need not mean that the quantities pumped 
cannot be smaller at low than at high temperatures. Observations in 
the aquarium at Den Helder, where living mussels are used for filtering 
the aquarium water, have given me the impression that they work 
little efficient at temperatures approaching zero.! Further, also the 
observations of Von Harancuy (1942) are important from this point 
of view. He compares the capacity of Ostrea edulis, Mytilus edulis, Spisula 
solida, and Cultellus pellucidus to clear suspensions of a certain concen- 
tration at different temperatures. The activity of the oyster is lower 
at 10 than at 20° C, that of the mussel apparently somewhat lower, 
whereas Spisula and Cultellus at 10 and 20° C according to his results 
show no difference. 

Chemical influences on the quantities of water pumped are also im- 
portant. It follows from Von Harancuy’s observations that mussels 
and oysters are less active in clearing suspensions from their suspended 
matter when the salinity of the water is low than when it is high. The 
results of GALTSOFF c.s. prove that solved products of pulp mill waste 
in higher concentrations decrease the quantities pumped and that the 
latter directly depend on the waste concentration. This effect, too, is 
certainly due to a direct action on the cilia. —- LoosANorr and ENGLE 
show that also the concentration of the suspension within the water in 
which the animals live is of much influence and that very high concen- 
trations may even bring pumping to a standstill. They assume that 
high concentrations work chemically and mechanically. That they may 
work chemically has been proved by the fact that the filtrate of their 
cultures had the same effect as the cultures themselves or the cells only, 


1 It follows from determinations made at Den Helder in 1951 by miss HEIKENs 
that the quantities of water Mytilus edulis pumps at or near o° C are indeed small 
and of no importance when compared with the quantities pumped at 10-15°. The 
data will be published in Archives Néerl. de Zoologie. 

Dopeson (p. 178) states that under similar temperature conditions mussels clear 
tank water more quickly in September—October than in February—March. He seeks 
the explanation in gonadial development or some other influence. Such an expla- 
nation does not hold for the observations at Den Helder, where temperature clearly 
is the operative factor. 
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This chemical influence is wholly comparable to that of pulp mill 
waste. That they also work mechanically has, I think, not been proved 
with certainty, a conclusion apparently also reached by Korrinca 
(1949, p- 240). This does not mean that mechanical influences cannot 
be of importance, of course. It is probable that they do play a rdéle. 


3. WHAT PART OF THE SUSPENDED MATERIAL PRESENT IN THE 
WATER IS PUMPED IN? 


Is the water pumped in with all the material suspended in it or does 
selection take place at the margin of the siphon ? 

So many observations have been made on so many species now that 
there can no longer be any doubt that selection at the siphon entrance 
is of hardly any importance. It is certain that the animals do take in 
all particles below a certain size without any selection, if they are not 
chemically or otherwise dangerous. Very little attention has been given 
to the point what is actually refused, however. Cor and Fox (1944, 
also CoE 1945) state that relatively large and spiny objects are pre- 
vented from entering the inhalent opening, but what size is refused by 
what animals is unknown. According to Cor (1947) the inhalent 
siphon of the Pismo clam (Tivela stultorum) is provided with an elabo- 
rate filtering mechanism, with sensitive branching papillae which 
prevent the entrance of larger particles into the mantle cavity. Similar 
tentacles are found in Cardium, Mytilus, Ostrea, and certainly in other 
species, but it would be worth while to give this mechanism more 
attention, especially as it also contains the sensory mechanism which 
gives the stimulus for contraction of the mantle and adductor muscle of 
the shell, as was remarked by ALLEN (1921) and Hopkins (1932, 1933). 
Hopkins studied it in Ostrea virginica as to chemical stimulation. 

It is well known that in plankton investigations it is not so easy to 
obtain a good idea of the true composition of the plankton present in 
the water, because fine meshed gauze throws part of the water out, 
coarse nets do not catch the small animals, whereas the narrow opening 
of the hose attached to a plankton pump may give such animals as 
Copepods the opportunity to escape. In this connection the following 
remarks of SAVAGE (p. 15) are important. ‘‘It will be observed that 
during the summer months when the temperature was high, and the 
feeding activities of the oysters were at their maximum, quite consider- 
able quantities of metazoa (by volume) were captured. After October 
they disappeared from the food contents, and this was doubtless due, 
as Mostus (1877) and NELson (1920) have suggested, to the weakening 
of ciliary and muscular action caused by the fall in temperature, with 
the result that the oysters had no longer the power to capture the larger 
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organisms.” This possibility, that the Copepods, etc. in August— 
September could no longer escape because the oysters pumped so very 
fast, should certainly not be neglected. A second possibility, however, 
may be that the larger animals were caught in greater numbers, 
because so many litres were filtered; also the diatoms and detritus 
show high maxima in the same months. I have not tried to analyse 
SAVAGE’s figures in respect to the two possibilities mentioned. It is 
clear from his data that the large summer-numbers of Copepods, etc. 
were not due to the greater numerousness of these animals in the water 
during these months. 

Speaking generally, it is quite probable that nearly all the material 
reaching cockles and mussels as suspended matter is pumped in. This is 
important in connection with the calculations, which follow below. 


4. WHAT PART OF THE MATERIAL PUMPED IN IS RETAINED? 


Next comes the important point what part of the food is retained from 
the water before the latter leaves the animal again. This point is full 
of controversies. 

Mac Ginitiz has defended the view that pumping need not mean 
feeding, as a lamellibranch may be pumping without retaining back 
the food suspended in the water pumped, because the layer of mucus 
over the gills, which according to Mac GiniTiE is necessary to feeding, 
is not always present as a continuous sheet. Cor and Fox (1942) also 
state that experiments at Scripps Institution, California, showed that 
the mussel Mytilus californianus does not feed all the time it is actively 
pumping water through the gills. 

There are indeed a number of observations, showing that all the 
matter pumped in need not be retained (GAuTsorF, 1928; LOOSANOFF 
and ENGLE, 1947), though in other cases it is, and this is one of Kor- 
RINGA’s arguments (1949) for believing that Mac GiniTIk’s viewisright. 
‘‘We should say with Mac GinitiE: certainly it never should be said 
that a pelecypod is feeding just because it is pumping or maintaining 
a current through the mantle cavity.”’ It must be said that GALTSOFF’s 
observations (1928), according to which larger particles like small 
diatoms seemed to be retained, anyhow, whereas small particles gave 
quite variable results, could be explained by the assumption that small 
particles can pass the gills more or less unhindered when the mucus 
layer is incomplete, whereas larger ones could then be retained through 
the fronto-lateral cilia. This is what Mac GrniTiz, Korrinca, and 
also JORGENSEN actually suppose. JORGENSEN has tried to prove the 
correctness of this assumption. His results, however, are not convincing, 
since he does not reckon with the possibility that the mussel itself 
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interferes by either retaining material or letting it through in another 
way than through secreting mucus. Moreover, his experiments with 
flagellates are partly in contradiction to his conclusions. 

The whole question of retaining food may remain doubtful as long 
as no better experiments have been made. Mac Ginitie himself is of 
opinion that the ingestion of such substances as carmine and carbo- 
rundum never takes place in normal feeding. But so many non- 
nutritive kinds of material, carmine included, have been found to be 
readily ingested, that we must at least trie to bring the numerous 
former observations into line with the new ones and not discard them 
without more." 

It is certain that all kinds of material, at least down to the size of 
large colloids, can be retained. ZoBELL and FELTHAM (1938) have 
shown that Mytilus californianus can live for long periods on nothing but 
bacteria and on this food can gain somewhat in weight. They even 
kept mussels alive for two years on a diet of bacteria. Damas (1934) 
concludes on good grounds that cockles strain the colloids from the 
water. We are probably allowed to say that the same happened in the 
experiments of Fox, SverpRuP and CunnincHa, and those of JOr- 
GENSEN. Fox and CoE (1943, p. 236), finally, proved in “‘preliminary 
experiments” the mussel’s ability to remove from its medium very fine, 
uncentrifugable colloid material such as Congo Red or boiled “‘soluble 
starch” in highly diluted dispersions, ingesting some of this material 
and expelling the rest as pseudofaeces. They even believe that colloids 
may be a quite valuable source of nutrition. Its value must remain 
uncertain, however, as long as the quantity of such matter present in 
the sea is not known. 

Not only can lamellibranchs retain material down to the size of 
colloids, they can strain this off so efficiently that the material can 
apparently be eliminated completely during one single passage of 
water through the gills. Fox, SvERDRUP and CUNNINGHAM conclude 
that in their experiments a constant amount of water passed through 
the mussel chamber in unit time and that virtually all suspended (and 
colloidal) calcium in this amount of water was removed. 

On the other hand, the observations of LoosANorF and ENGLE show 
that in dense concentrations of micro-organisms high percentages of 
the suspended organisms may pass through the gills without being 
retained. 

These controversial results could be explained through the suppo- 
sition that the animal can change the quantity of material it retains 


* Thus mussels have been observed to gorge their alimentary canals, so to speak, 
with chalk; not only for hours, but for days on end (Dopcson, 1928, p. 165) 
compare also Dopcson, p. 182-185. 
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more or less ‘‘at will’. This could be effected through the secretion of 
mucus, as supposed by Mac Gunitiz, or perhaps in another way: 
through the action of the fronto-lateral cilia, by opening the wall 
between both branchial chambers, etc. It would mean that, as a re- 
action to the presence of unsuitable material not only the shell or 
mantle could be closed, or the siphon shut off, but also mucus pro- 
duction could be stopped, the action of the cilia changed, etc. It 
follows from the experiments of GALTsoFF c.s., and of Loosanorr and 
ENGLE, that the stimulus which leads to shell closure can be quite 
different from that which causes ciliary standstill. Highly concentrated 
suspensions might cause ceasing of ciliar straining or ofmucussecretion, 
though pumping might go on. In such cases large quantities of sus- 
pended material might pass the animal partly unhindered, though a 
certain percentage of them would be retained. The latter might be 
partly rejected, but another part might find its way to the intestinal 
tract. In such cases large quantities of the suspended matter could be 
found in the outgoing current, as well as in both faeces and pseudo- 
faeces. This is what actually happens. If the water would contain 
suitable and unsuitable material at the same time, now one, then the 
other stimulus would predominate and matters would become still 
more complicated. Mucus secretion, the action of the fronto-lateral 
cilia, contraction of the gills, opening the chamber walls, would 
all form means to deal with suitable as well as unsuitable food 
through the control of the innate reaction mechanism of the species. 
Feeding would not be restricted to periods when these mechanisms 
cooperate, but their cooperation would lead to greater efficiency in 
the capture of food. 


5. HOW DOES A SEPARATION BETWEEN USEFUL AND 
UNUSEFUL TAKE PLACE? 


The next point is the selection of particles on their way from the gills 
to the mouth. Numerous details on the ciliary mechanism of the gills 
and mouth palps have been given for many species, see especially 
D. ATKINs in Quart J. Micr. Sc. 1936-38. YoncEcites NELson (1923 b) 
who concludes that feeding in the oyster is accomplished “‘through the 
delicate coordination of nervous, muscular, ciliary and mucoussecreting 
elements in which mechanical sorting of the materials plays the most 
important part”: ‘“‘an admirable summary of the state of affairs”. 

The particles are divided by the movements of different kinds of 
cilia into two groups: one that is refused, the other that is accepted 
as food. 

YoncE, in his first paper on this subject, dealing with the feeding of 
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the soft clam, Mya arenaria, supposed that the principle of this sepa- 
ration was based on weight of particles, not on size. His argument was 
that in the clam’s stomach he found thin filamentous strips of algae up 
to 1 mm in length, though the largest solid particles (sand, etc.) were 
no more than 200 w in diameter, and the majority no more than 20 p. 
YoncE seems to have dropped this supposition when studying the 
oyster. Though he is not quite clear on this point he considers from then 
on size of particles apparently more important than weight; I think, 
because he found that conglomerations of particles are rejected, though 
separate ones are carried to the mouth. This in itself is no evidence, of 
course, and I, personally, am not convinced that weight is unimportant. 
Perhaps, however, there is a combined principle of weight and size. \ 

CoE (1947) finds for the Pismo clam that more than half of the 
stomach-contents may consist of sand, the coarsest grains of which 
measure 200-300 w longest diameter. That may mean that the sand 
coarser than that is refused. Thin fragments of periostracum and chitin, 
however, of nearly 1 mm in length and filamentous algae 1.5 mm long 
do also occur, they being the largest objects observed. He further finds 
that solitary diatoms of 50-200 u~ and smaller are accepted, but colo- 
nial and spiny species are usually refused. I can only understand all 
these facts through the assumption that both weight and size play a 
role, but the matter remains uncertain. 

The point, whether there is other selection than that according to 
weight and (or) size, for instance according to organic and inorganic 
particles, hardly appears to need consideration here, because nearly 
everyone now agrees that the latter selection is out of the question. In 
connection therewith the following should be mentioned, however. 
Bury (1936) has stated that he found hardly anything but dinoflagel- 
lates in mussel stomachs, though in the sea water in which they lived 
he found very few. According to his counts the sea contained 2.4% 
of dinoflagellates and 97.6% of diatoms against the mussel stomachs 
97.4% of dinoflagellates and 2.6 % of diatoms. This would mean selec- 
tion and it tallied with Fox’ belief (1936) that dinoflagellates are 
valuable as food. In 1942 Cor and Fox still cited these observa- 
tions. 

But from 1943 on Fox and Cor came to the conclusion that dinoflagel- 
lates do not form a valuable food. Since then they no longer believe in 
selection and BuLEy’s observations are no longer mentioned (Cor and 
Fox, 1944; Cox, 1947). The possibility can probably not be excluded 
that in this case dinoflagellates may have exceeded diatoms in the 
bottom water, which reached the mussels, though in the higher layers 
diatoms exceeded dinoflagellates. — Also LoosaANorr and ENGLE (p. 
50-51) consider the possibility of selection, and their vision cannot be 
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neglected, because they had an enormous practical experience.! On 
the other hand, it is clear from such work as that of SAVAGE (1925) and 
others that there is a striking agreement between the composition of 
the plankton and that of the stomach contents of mollusks living in the 
water from which the plankton is taken, also in cases where much 
apparently undigestible material is taken in (oyster larvae for in- 
stance) .? 

The most important point in connection with the problem of selec- 
tion is that of the influence of the concentration of the suspension 
pumped in. It was remarked already that even high concentrations 
may be pumped in, but this.does not mean that they are favourable to 
the animals, anyhow, and that most of the material in question would 
be carried to the mouth. KeLttoce (1915) was of opinion “‘that a 
lamellibranch is able to feed only when waters are comparatively 
clear, when diatoms are brought to the gill surface a few at a time, and 
that in muddy waters, all suspended particles, of whatever nature, are 
led to outgoing tracts”. This view has become the subject of much 
discussion (see LoosANorF and ENGLE, 1937) and Dopcson and others 
were cited (see Dopcson, p. 175), who in mussels found the largest 
quantities of faeces in the muddiest water; in other words, the food 
from this water had been ingested notwithstanding the high concen- 
tration of the silt. We may expect, however, that mussels may behave 
quite differently from oysters and that the different species of oysters 
behave by no means the same. In all kinds of animal groups we find 
species able to cope with large quantities of silt and others which 
cannot work the silt away, especially the sponges, anemones, corals, 
and hydroids embracing numerous instances. ‘“‘ELsEy (1935) found 
that O. gigas withstands existence in turbid water much better than 
O. lurida, which closely resembles O. edulis’ (LoosANoFF and ENGLE, 
1947). But Loosanorr and ENGLE even defend the view that through 
this cause scarcity of plankton may be better for oysters than its rich 
development and few biologists will probably accept this. Nevertheless 
the principle itself may be right. 

If jarge quantities of silt or other suspended matter are pumped in 
they may clogg the gills, so that oxygen intake may become difficult. 


1SmipT (1951, p. 111) refers to Loosanorr (1949), who “‘states that feeding 
Ostrea are capable of choosing between different flagellates’. 

2 There is an interesting observation of Dopcson (p. 187), who describes how 
mussels in very hot weather, although open and discharging vigorous streams from 
their anal siphons and manufacturing pseudofaeces in large quantities, refused to 
ingest any of the suspended material through the mouth. “The water at the be- 
ginning of the experiments was 66° F, but rapidly rose, reaching 72° F in the course 
of an hour. A day or so later, the same mussels resumed their normal feeding in 
water at 64° F.” But this is no instance of selection, of course. 
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Further, it must cost large amounts of mucus to work such quantities 
away. This may be sufficient reason for working the silt away along the 
shortest possible route, that of the pseudofaeces. Moreover, dense 
masses of small particles will easily clot together and then be dealt with 
as heavy or large particles, which are ejected as pseudofaeces. ‘This was 
what KeLiocc (1915) meant and his viewpoint may be right. 

Loosanorr and ENGLE conclude from their experiments with sus- 
pensions of micro-organisms of different concentrations that high con- 
centrations in the oyster give many pseudofaeces and few faeces, and 
the reverse.! — Coz and Fox (1944) say about the Californian mussel: 
“The excess, if not too great, may pass unchanged through the di- 
gestive system, but in case of a very great surplus most of the material 
is rejected by the palps and is discharged from the mantle cavity as 
pseudofaeces.”” — CoE (1947) states that the matter pumped in is 
largely refused ‘‘in dense suspensions of micro-organisms, spermatozoa, 
ova, yolk or oil globules, or starch particles’. 

Because these statements agree there will be little doubt that they 
are right. Details on these observations have not been given, however, 
and one would like to know whether the statements are based on a 
general impression or on more. It is well known that concentrated 
suspensions produce large quantities of pseudofaeces, but this is only 
natural. In view of the fact, that there has been so much controversy 
on this point, it should be established beyond doubt that not only do 
the quantities of pseudofaeces on feeding of concentrated suspensions 
increase, but also the quantities of faeces decrease. 

In connection with the problem of the refusal of material in the 
presence of concentrated suspensions the observations of Dopcson on 
the movements of a membrance in the inhalent opening of Mytilus 
edulis are of much interest; Dopcson gave it the name of velum. These 
observations form an extension of earlier ones of KELLoGG (1915) and 
OrTON (1912). KELLOGG was the first to suppose that the velum might 
have the function described below. 

It is usually assumed that refusal of pumped in material is wholly 
due to the activity of the cilia of gills and palps, which carry the refused 
material to the place of ejection of pseudofaeces. Dopcson describes, 
however, how the velum is lowered when there is much suspended 
matter in the water, with the result that the current entering the in- 
halent opening is directed to the posterior part of the mantle margin, 
from where much material is discharged forthwith as pseudofaeces. 


* The limit for high concentrations, in producing a high percentage of pseudo- 
faeces, would differ for different micro-organisms, and LoosANorr and ENGLE 
remark that matters must become quite complicated when, as in nature, all kinds 
of organisms and material occur together. 
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The reader is referred to Dopcson’s full description (p. 172-176) and 
figures of the velum for a right understanding of this fact. 

It means that the mussel has more means than ciliary activity alone 
to dispose of excess matter and a similar state of affairs may hold for 
other bivalves (KELLOGG described the velum for Schizothaerus). 

The question whether high concentrations would influence the 
velum movements both mechanically and chemically remains open. 
It was stated above already that high concentrations may have a 
chemical (toxic) effect on pumping and they might have a similar 
effect on the velum movements as well. Judging from Dopason’s de- 
scription we are further allowed to assume that mechanical influences 
are important, anyhow. 

Dopcson (p. 174) supposes that the velum not only functions in 
keeping excess of suspended matter from entering the inter-branchial 
spaces and anterior parts of the mantle cavity, and in facilitating their 
rejection in the recurrent marginal stream, but that it also exerts a 
certain selective function, the degree of diversion of suspended matter 
varying with its amount, and possibly with the size or irritating pro- 
perties of the suspended particles (e.g., in the case of sharp sand 
grains, etc.). 


6. WHAT PART OF THE MATERIAL RETAINED IS ACCEPTED, 
WHAT PART IS REJECTED? 


Stomach contents have given us much insight into this question. 

The stomach of Mytilus californianus and Mytilus edulis contain all 
kinds of phytoplankton (algal spores, dinoflagellates, small diatoms, 
other algae, and bacteria), zooplankton (flagellates, ciliates, other 
protozoa, spermatozoa and ova of invertebrates, etc.); further fine 
material which is considered detritus; and finally fine sand and shell 
material (Fox, 1936; Cor and Fox, 1942; Fox and Cor, 1943; CoE 
and Fox, 1944; CoE, 1945). CoE (1947) finds for the Pismo clam, which 
occurs on sandy coasts, that more than half of the stomach contents 
may consist of sand. He further finds dinoflagellates in fair numbers: 
especially Prorocentrum (40-50 « long), Gymnodinium, Peridinium, Gony- 
aulax, Dinophysis, and many others of 40-60 wu. Spherical algal cells of 
up to 100-300 w diameter, slender multicellular algae of up to 600 y, 
with longest filamentous algae of up to 1.5 mm. Crypto- and phyto- 
monadines and other flagellates. Diatoms of 50-200 yw long and smaller 
forms often in great numbers. ‘‘Other living cells include algal zoo- 
spores and the gametes of nearly all the invertebrates of the vicinity, 
including those of the clam itself.’ It certainly is an uncommon 
achievement of Coe to distinguish all of them. — The stomach contents 
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of the soft clam, Mya arenaria, according to YONGE “‘consist of very 
finely divided particles of organic debris, sand and micro-organisms, 
e.g. diatoms, singly and in chains; Foraminifera; minute, probably 
larval, bivalves; ostracods and other microscopic Crustacea, with parts 
of larger specimens; spores and eggs of various kinds; sponge spicules, 
and spines of all sizes. The great mass of material consists of small 
sand grains’. 

Many data have been published on the stomach contents of oysters, 
for which the reader may be referred to detailed work like that of 
SAVAGE (1925). 

It is evident from the numerous observations given that the stomachs 
of different species always more or less reflect what is found in the 
vicinity. One gets the impression that simply all material below a 
certain size is ingested. Even large quantities of sand are dealt with as 
if they had nutritional value, this simply being due to the simpleness of 
the selection mechanism. In connection therewith there is little reason 
to assume that organic detritus present in the water should not be 
ingested in the same way as fine sand and this is what certainly happens, 
as was shown by PETERSEN and BoysEN JENSEN in 1911 already. 
SAVAGE came to the conclusion that more than 90 % of the food con- 
tained in the gut (stomach and intestinal tract) of the oysters he 
investigated consisted of organic detritus. This detritus has a certain 
food value to those organisms which can digest it. The point is, how- 
ever, whether the different species of mollusks indeed can digest it, a 
problem, which is further dealt with below. 

The stomach investigations, together with a direct study of the 
material that is rejected as pseudofaeces!, give at the same time an 
impression of what is refused. CoE (1947) says that among the dino- 
flagellates Cerattum, which are spiny and 200-300 long, are not 
ingested; diatoms of 50-200 w long and smaller forms are often found 
in great numbers, but colonial and spiny species are usually refused. — 
Most sand above a certain grain size is certainly refused, but little is 
known about the actual grain sizes. Surely, larger pieces of detritus, 


1 The name pseudofaeces has been given to the refused material by Dopcson, to 
whose description and photographs of mussel-pseudofaeces is here referred. He 
already draws attention to the fact that their rejection “takes place at a point im- 
mediately posterior to the exhalent siphon — that is to say, at the apex of the arch 
formed by the fusion of the edges of the mantle folds’’. This means that they issue 
from the part of the inhalent opening next to the exhalent aperture (compare also 
Fox and Cog, 1943, p. 233). Dopcson adds: “‘In virtue of the fact that this solid 
matter is mixed with a varying amount of mucoid secretion, it tends to be discharged 
in formed masses or strings, rather than in separate granules.’’ Only in case the 
suspended matter is excessive do the pseudofaeces lose their coherent form. The 
resistence of pseudofaeces to disintegration according to Dopcson is striking. The 
reader is referred to his description on p. 162—164 for further details. 
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though they would represent much better food than fine sand, are 
rejected because of their size (weight). Fox and Cor (1943) found that 
the pseudofaeces may also contain large micro-organisms, ova, larvae, 
etc. They say they ‘“‘are usually returned to the sea while still in a living 
condition’, but unpublished observations of KrisTENSEN point to the 
possibility that since they are enveloped in mucus they may partly 
die afterwards. 

The quantities of pseudofaeces are large when the water contains 
much sand or many shell fragments (Fox and Cok, 1943). They also 
depend, of course, on the total quantities of material pumped in; they 
_ are small when the water contains little matter in suspension. 

In Mytilus the pseudofaeces simply drop beside the animal together 
with the true faeces, compare especially Dopcson’s description. In 
other species they may be ejected with force. Mac Ginitie (1941) de- 
scribes how the gaper clam, Schizothaerus nuttallii, ejects material by a 
sharp contraction of the adductor muscles, which quickly brings the 
valves together and squirts the water out through the incurrent siphon. 
This activity according to Mac GinitrE undoubtedly accounts for some 
of the squirting by clams on mud flats when the tide is going out. When 
the flats are nearly bare a considerable amount of sand and other 
material may have accumulated and this is rejected. Longnecked clams 
usually eject water much more forcibly than those with a short siphon; 
Schizothaerus squirts the water from 3 to 5 feet high. Squirting according 
to Mac GIniTI1E is also more frequent when the tide is first coming in. — 
We can observe this squirting regularly in Cardium edule. The water is 
ejected here up to some decimetres. 


7. WHAT PART OF THE ACCEPTED MATERIAL IS 
REALLY DIGESTED? 


Though the selection mechanism of lamellibranchs is complicated 
enough, it works according to a very simple principle: that of separa- 
tion of material by weight or (and) size; with the result that such 
undigestible matter as sand enters in large quantities. One cannot 
therefore consider the stomach contents as representative of actual food. 

Data on the food value of the material pumped in have been col- 
lected in the very first place by studying the action of digestive 
enzymes. Especially YONGE studied the oyster and he also examined 
the soft clam (Mya arenaria), GRAHAM the razor clam, Fox and Marks 
(1936) the Californian mussel, Cor (1947) gave some notes on the 
Pismo clam. These investigations all led to the result that amylase and 
glycogenase are produced in significant amounts in the style of the 
digestive tract, while the same polysaccharidases as well as disaccha- 
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ridases, proteases and lipases would be produced intracellularly. Cor 
(1947) further found in the Pismo clam a weak cellulase, apparently 
produced by the style. 

The majority of investigators are therefore of opinion that digestion 
is largely intracellular and that only minute particles, especially plants, 
can be attacked. On the other hand, the minority are represented by 
a number of notable exceptions, among whom the Mansours rank 
first. Their work is chiefly concerned with some tropical species, 
especially Tridacna. They are of opinion that extracellular digestion is 
not to be neglected. 

NELson (1933) cites an instance in which an Ostrea edulis yielded 
0.75 cm? of stomach contents, consisting mostly of a free-living nema- 
tode (Chromadora sp.). Analysis showed 160 worms alive and active, 
471 dead but intact, and 5842 partially or wholly disintegrated. Such 
and other cases (among others many data in SAVAGE, 1925, for the 
oyster, in publications of Cor for other species) do not furnish direct 
evidence that such animals can be digested, but there is no reason 
to assume the contrary in view of the fact that after disintegration has 
started small particles can be attacked further. The uncertainty in this 
field is well demonstrated by the contents of KoRRINGA’s paper (1949). 

Largely because of YONGE’s influence the chief food of lamellibranchs 
has thus for a long time been considered to be chiefly represented by 
phytoplankton in the form of flagellates, small dinoflagellates and small 
diatoms, whereas there was much differense of opinion not only as to 
the value of multicellular animals, but also to that of detritus. Particles 
of detritus cannot be identified in the stomach, intestine or faeces with 
the same certainty as can diatoms, dinoflagellates, etc. None the less, 
ever since PETERSEN (1911) stressed the importance of detritus as food 
for lamellibranchs the latter has been considered of more or less im- 
portance by a number of investigators. None of them, however, have 
given themselves so much trouble to show what value detritus may 
have as food as Fox and Coe. It therefore is to be deplored that a 
number of inaccuracies in the papers of the latter have detracted from 
the value of their results. 

In short, the reasoning of Cor and Fox is: the total quantity of food 
contained in dinoflagellates, diatoms, flagellates, bacteria, etc. is so 
small that a mussel pumping the year round would only capture a dry 
weight of them, comparable to one fifth of what it needs. ‘Therefore, 
another source of food must play a réle and since there is no other source of 
particles small enough for digestion than organic debris, the latter 
must be of much more importance than all these organisms together. 

This reasoning is based on the number of litres a mussel pumps in 
the course of a year, the average content of dinoflagellates and other 
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organisms present in the water, their weight, and the gain in weight of 
the mussel within a year. Taken as a whole, this reasoning may be 
more or less correct (the same standpoint was apparently held by 
Moore, 1913), but it loses through inexact argumentation. 

In 1936 Fox holds the view that dinoflagellates are a very valuable 
source of food. He attempts to prove this by observations on their 
digestibility, and his findings tally with those of BuLry already cited, 
who finds that they are apparently especially selected. Still in 1942 Cor 
and Fox hold the view that dinoflagellates are readily digested, but 
because of their small mass can be considered one of the principal food 
supphes only. In 1943 they come to the conclusion thaf dinoflagellates 
pass the digestive tract largely undigested and from then onward they 
no longer attach much value to them as food. This is most natural, but 
they neglect their former findings (those of BULEY included) without 
recanting them. This can only lead to confusion, for even when one 
reads their papers in the right order it is not easy to understand the true 
state of affairs. The difficulty is still enhanced by the fact that in Cor’s 
papers it is not always easy to make out what are new facts and what 
old ones already dealt with in an earlier paper. 

Fox and Cok conclude that one large Californian mussel within a 
year may pump some 22.000 litres of sea water. Now, in 1943, they 
calculate that such a volume, if it contains 9570 specimens of the dino- 
flagellate Prorocentrum micans (measuring 30 x 57 «) per litre, contains 
4.2 g of dry weight, or some 10 % of the mussel’s annual gain in weight, 
if it could all be digested and directly changed into mussel weight. In 
1944 they state that the years 1940-43 gave averages of 10.000—55.000 
dinoflagellates per litre. In these years, therefore, 22.000 litres must 
have contained some 4~23 grams dry weight of dinoflagellates, and one 
would think that these must have been at least of some value. But CoE 
and Fox now say that the dinoflagellates occurred in such dense swarms 
that few may have been ingested, whereas the rest were possibly 
rejected as pseudofaeces. Since the ingested ones must have been largely 
undigestable, very little remained. This is a somewhat arbitrary argu- 
mentation. 

A large part of the work of Cor and Fox concentrates on a com- 
parison of mussel growth in the sea and the number of organisms present 
in the water. This work has been continued for more than four years 
and an enormous amount of labour has been involved. Their obser- 
vations on growth may serve as an example how such work should be 
carried out. No correspondence is found between mussel growth and 
the quantities of diatoms or bacteria, but they do find some corres- 
pondence between mussel growth and the dinoflagellate populations. 
Since, however, dinoflagellates, when very numerous, according to CoE 
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and Fox are largely ejected as pseudofaeces, since they are largely 
undigestible, and since a four fold increase in abundance according 
to Cor and Fox (1944) is associated with an increased growth rate of 
the mussels of only 42 per cent, the correlation does not in itself 
furnish evidence that dinoflagellates are important as food. It may 
show no more than that both mussels and dinoflagellates thrive under 
the same environmental conditions. This in itself is not impossible, but 
it is used as an argument for the value of detritus and as such it is 
without value. It is clear from the experiments of CoE and Fox (1944) 
that high dinoflagellate figures correspond with rapid growth of 
mussels; Cor dnd Fox have shown that the dry weight of the ingested 
dinoflagellates in periods that they are numerous must be very im- 
portant also in relation to the annual gain in weight of the mussel; 
Fox (1936) has made it probable that dinoflagellates are at least 
partially digested. If, nevertheless, one wants to assume that dino- 
flagellates are unimportant as food and that detritus should be con- 
sidered of much more value one should at least suppose that the dino- 
flagellates already during their maximum abundance produce so much 
detritus that the latter apparently causes an increased growth of mus- 
sels. This conclusion is the more obvious since CoE and Fox them- 
selves assume that increased mussel growth may coincide with the 
periods of propagation of Balanus tintinnabulum and other species 
because the latter may furnish detritus to the mussel. Even such a 
conclusion, however, somewhat neglects the possible value of the living 
dinoflagellates as food for the Californian mussel. 

There may be little doubt that suspended organic detritus is one of 
the valuable sources of food for certain bivalves, as has been assumed 
by many ever since PETERSEN in 1911 emphatically drew attention to 
this possibility. SAVAGE (1925), who obtained a great practical ex- 
perience by his research, found that his oysters had their stomachs 
and intestine filled with about 25-100 times more detritus than plank- 
ton (both counted by volume). He therefore (and also because of the 
work of JENSEN, 1914) was of opinion that detritus must be taken 
seriously into consideration as a source of food for oysters, but that 
“fattening” of oysters may be due to a great consumption of small 
diatoms. I think it is about this same opinion which is held by most 
specialists: that the best food for oysters probably is small diatoms, but 
that detritus may be quite valuable as a cheaper food of lesser value. If 
we want to prove this, a direct, experimental method seems indicated. 
This is no easy task. One cannot feed natural detritus, because it 
cannot be separated from the plankton. Gavarp, however, fed an 
artificial detritus, according to Korrinca (1949) with very good 
results. - The value of detritus will certainly differ for different species, 
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I am inclined to suppose that it may be more valuable to the mussel 
than to the oyster. It is clear, however, that very few workers suffi- 
ciently command all facts collected in this field up till now; in this 
respect a critical revision of our present knowledge in this field, not for 
one, but for several species, would be of much value. WERNSTEDT’s 
conclusion (1943), his experiments would indicate that the food value 
of detritus is only small, is certainly unjustified. 

Some remarks should still be added on the times the ingested mate- 
rial needs to pass the intestinal tract, as they increase our insight into 
matters of digestion. They refer to oyster, mussel and cockle. 

Loosanorr and Nomejko (1946) say that oysters kept in water of 
20.0° C. under laboratory conditions passed the particles of food through 
their entire digestive system in from 1 hour and 20 minutes to approxi- 
mately 2 hours and 30 minutes. 

As to the mussel, numerous observations have been given by Dopc- 
SON (p. 182-188), who experimented with “‘substances such as carmine, 
chalk, flour, Prussian blue, etc.’’ It was found that material ingested 
at the mouth may appear at the anus within 1% hours. Moreover, an 
alimentary canal engorged from end to end may be completely evacu- 
ated in a similar period. ‘“‘If open, and passing good siphon currents, 
they appear never to fail to ingest the suspension, but 3, 4, and even 
6 hours have been observed to elapse before the passage of the index 
faeces. In the last case, however, the mussel had been stored for a week 
in one of the tanks, during the early part of which the weather was 
hot, prior to the experiment.”’ And though a full tract may be emptied 
in 1% hour it may also need a longer time, up to several hours. — 
Observations of ZoBELL and FELTHAM (1938) gave results, which do 
not essentially differ from those of Dopcson. They found that bacteria 
disappeared from the intestinal tract of mussels within six hours after 
being fed. Their mussel was Mytilus californianus. 

Finally, JORGENSEN (1949) found that 30-60 minutes after the pre- 


1 WeRNSTEDT worked with Cardiwm edule and Macoma baltica and his conclusion 
could only hold for these species. It is probable, however, that the value of detritus 
for a detritus feeder like Macoma baltica cannot be small. His experiments are un- 
sufficient to prove or disprove this. 

The value of detritus must be quite different to different species of one and the 
same animal group. Among crabs many species certainly cannot make use of detritus, 
whereas others, e.g. the tropical Uca species and Eupagurus bernhardus, feed on hardly 
anything else. That the latter species should have such food seems to follow from 
the fact that it prefers rotten meat (for instance, that of fish) over fresh meat. Such 
detritus feeders are to be found in many animal groups. This fact is not at all new, 
of course, but it should constantly be kept in mind to make one realize that it is not 
the small food value of detritus, which makes detritus valueless to some animals, but 
the impossibility of such animals to use detritus for food (for the food value of 
detritus see BoysEN JENSEN, 1914). 
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sentation of graphite suspension to mussels large amounts of graphite 
faeces were ejected through the exhalent siphon. Since JORGENSEN 
worked with rather young Mytilus edulis, his observations, again, are 
more or less in agreement with those of Dopcson. — In all these cases 
undigestible or presumably easily digestible matter was used and the 
times it needs to pass the intestinal tract is short. 

It follows from the observations of Austin on the stages of digestion 
of stomach contents of mussels at various times after feeding natural 
food that digestion had commenced one hour after feeding, but that 
more than five hours elapse before diatoms in the stomach may have 
lost their chlorophyll and that the skeletons of diatoms and dinoflagel- 
lates were still present 24 hours after the diatoms had been fed. This 
probably shows that slowly digestible matter passes the tract much 
slower than undigestible or presumably easily digestible material. The 
observations of Cor (1945) apparently show the saine. “‘“That minute 
diatoms are readily digested is shown by the fact that within 20 hours 
after the mussels have been fed cultures of small species the faeces 
consist mainly of chloroplasts, with only a few intact cells.’’ Gor con- 
siders this a short time, but it is long compared with the other times 
mentioned. 

Finally, the data of Fox and Cok (1943) show that mussels brought 
from the sea into the laboratory may give off undiminished quantities 
of faeces for three succeeding days. Only after the fourth day the 
quantity decreases. This means that it takes several days for a tract 
filled with natural food to lose all its material. In this connection it 
should not be forgotten that Mytilus californianus is a very large species. 

As to the cockle I am acquainted with one observation only, that 
of Damas. He says the following. “‘L’activité nutritive de ces Cardium 
est en effet énorme. Des individus tenus en état d’inanition prolongée 
et dont le tube digestif vide ne fournissait plus d’excréments reprennent 
la reproduction de boudins aprés 12 minutes si on les replace dans une 
eau vaseuse. I] ne faut donc a la nourriture que ce laps de temps pour 
parcourir le tube digestif tout entier.”’ It is not probable that real food 
would need such a short time and it would be of interest to pay some 
attention to this point. 


8. WHAT IS KNOWN ABOUT THE QUANTITY AND 
COMPOSITION OF THE FAECES? 


Generally speaking, the faeces of mollusks are excreted in the form of 
pellets, the size and form of which are different for different species, 
compare especially Moore (1931 a, b, and c, and 1939). They are 
large and long in the mussel (for description see Dopcson, 1928, p. 
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161-162) and small and more or less globular in the cockle. MoorE 
(1939) says that “‘in general, carnivorous animals tend to produce 
faeces of loose consistency, vegetable eaters firmer ones, and deposit 
eaters (like our lamellibranchs) the most resistant of all.’ ““The pellets 
of deposit eaters will stand (Moore, 1931a) fairly rough handling, 
and can even be boiled with sulphuric acid or strong caustic soda 
without breaking down.’ Moore (1931a) found them in bottom 
deposits, at least a hundred years old and they showed no evidence of 
breakdown. He ascribes their resistency to the high mineral content of 
the food of the animals producing them and considers it probable that 
progressive glauconization may cement and strengthen the pellets so 
that they may well be preserved permanently (Moore, 1939). 

The quantity of faecal pellets produced is more or less known for 
cockles. Damas counted one pellet issuing every 8 seconds. That would 
make 10.800 pellets a day. According to Damas their size is 0.3 mm? and 
the animals therefore would produce 3240 mm? of faecal matter a day. 

Counts in July, 1949, on the sands in front of the Zoological Station, 
Den Helder, gave the following results: 


Number Extremes of lapse of time Average lapse of time 
of counts between two successive between two pellets 
pellets (in seconds) (in seconds) 
+8 14-23 19 
2 7—20 12 
4 8-27 19 
2 13-14 14 
8 14-23 19 
5 6-37 18 
n'y 8-32 15 
QI 10-40 27 
4 g-16 12 
12 10-97 23 
Total + 89 Average 18 


These observations show that a total of about go observations on 10 
different animals gave on an average one pellet every 18 seconds. This 
was in the middle of summer. It may be assumed that the number is 
perhaps higher in spring, but certainly much lower in winter, so that 
40 seconds may be considered a better average for the year than 20. 
The Cardium had been born in 1947, they were two years old and 
measured about 30 mm. Older animals may work slower than young 
ones and Damas may have observed younger cockles. The figures show 
that there is much individual variation. 
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Tt should be added that one cockle, after having given off 8 pellets with lapses of 
time of 14~23 seconds, retained all material for 450 seconds and then gave off a 
complete string of pellets. There then was a pause of another 60 seconds, thereafter 
about the old rhythm was taken up again. 


If the faecal pellets of cockles of the size mentioned would have a 
size of 0.3 mm? as given by Damas and if these cockles would produce 
one pellet every 40 seconds they would produce 648 mm? of wet faecal 
matter per day. As their specific weight is somewhat higher than that 
of sea water their wet weight must be some 648 mg at the least. 

For the mussel similar observations are not available, but Fox and 
Cor (1943) have determined the dry weight of faeces given off by 
individuals of different length and they find 7.5, 45, 95, 176, and 281 
mg dry weight a day for mussels of 20, 40, 60, 80, and 120 mm length. 
If I understand them correctly, however, they have decanted part of 
the sand before drying and weighing the material, so that all these 
values would be too low. — Also BLEGVAD (1915) gave some values. They 
refer to the quantity of faeces, produced by 100 g Mytilus edulis during 
24 hours. The animals were apparently brought from the sea into an 
aquarium again and faeces and pseudofaeces were probably measured 
as one. Since, however, the production of faeces in the aquarium will 
continue and that of pseudofaeces will stop within a short time because 
new food is not available, most of the material produced must be true 
faeces.t 100 g mussels produced in one case 1870, in another 3080 mg 
(dry weight) of material. BLEGVAD does not mention the size of his 
mussels, but if they were large they would represent 2—3 animals, so 
that one large mussel would produce 800-1200 mg (dry weight) of 
matter per day. Since part of it may have been pseudofaeces, the 
faeces may have weighed maximally some 1000 mg (dry weight) per 
animal per 24 hours. 

Finally, Kamps made exact measurements of the quantities of sus- 
pended material laid down by mussels along the coast of the province 
of Groningen in the Netherlands. He used small boxes with 80 mussels 
each and control boxes with similar mussels filled with concrete. The 
water had free passage through the walls. The boxes were laid out in 
the sea and they were controlled every fortnight from March to 
November. It should be added that the water along the coast of Gro- 
ningen contains several times more suspended matter than that in the 
western part of the Waddensea, where the work of the Zoological 


* It is not wholly correct to consider the quantities mentioned as representative 
for 24 hours, because the mussels were taken from the sea and their faeces collected 
over the first 24 hours when they got no food. According to the observations of Fox 


and Cor, however, mussels taken from the sea may give off undiminished quantities 
of faeces for 3 successive days. 
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Station was mostly carried out. Kamps, who permits me to mention 
his results (see also Kamps, 1950, p. 112), found that 80 large mussels 
within 2 weeks produced quantities ranging from 2600 to 4200 g, with 
an average of about 3300 (13 determinations). This gives an average 
production of about 3000 mg (dry weight) per large mussel per day, 
a quantity 3 times that found by BLecvap, but including both faeces 
and pseudofaeces. The relation between pseudofaeces and faeces within 
that amount is not known, but a large part of the material may re- 
present pseudofaeces and it is assumed that the true faeces did not 
exceed 2000 mg per large animal per day at the very most. Assuming 
a water content of the faeces of about 75% the wet weight would be 
some 8 g per large mussel per day, i.e. some g times more than that 
found for the cockles near Den Helder. It should be added once more 
that the figure is certainly very high and that a faeces-production of 
half that amount may be more normal.1 

Fox and Cok (1943) determined also the composition of mussel 
faeces. Here, again, however, ‘‘as much sand and shell as possible was 
separated by comminution and subsequent decantation from the 
samples at each collection”. Apparently, this sand is not contained in 
the results of their analysis. They find some 70 % of ash (‘“‘chiefly sand 
and shell”), somewhat more than 1 % of N and some 0.5 % of PO,. If, 
as assumed, the decanted sand was not calculated, the true ash figures 
become higher. Cor (1945), basing himself on these figures of Fox and 
CoE (1943), says that mussel faeces consist for some 30% of organic 
matter, but this quantity would become lower. 

TAKAHASHI and Yaci (see Moore, 1939) found 0.21—-0.42 % of P,Os, 
i.e. 0.28-0.55 % of PO, in recent faecal pellets?; this value is not much 
different from that of Fox and Cor. — Fox and Cor multiply their 
nitrogen figures by 6.25 — “‘commonly accepted as applying to the 


1 Assuming that the animals pumped 1.8 litres per hour for no less than 20 out 
of the 24 hours the water pumped must have contained more than 83 mg dry weight 
of suspended matter per litre plus the quantity digested, a total of at least 100 mg 
per litre. If they pumped for shorter periods or if they pumped smaller quantities 
per hour the quantity of suspended material present in the water must have been 
still greater. The quantities are therefore at least 4—5 times greater than those in the 
western Waddensea according to Postma’s determinations. This is in agreement 
with direct measurements of the quantities of suspended matter per litre, as carried 
out in the eastern Waddensea by Kamps. Nevertheless, the mussels (and also the 
cockles) in the eastern part of the Waddensea remain small. As the salinity of the 
water there is as high or higher than that in the western part the composition of the 
suspended material may be less optimal in the eastern than in the western part. In 
this connection the question of the possibly adverse influence of concentrated sus- 
pensions (p. 203-204) is of much interest. 

2 The phosphate content seems to increase as a result of fossilisation; Moore 
found values of up to 30.7% P,O,; in old layers. 
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proteins of marine origin” —, and thus obtain,some 7 % for the protein 
content. This value would also become lower. 

It is well known that lamellibranch faeces may contain fair quan- 
tities of undigested (partly even living) organisms. These have there- 
fore passed the digestive tract undamaged. It is generally assumed that 
their presence is due to the absence of enzymes which can attack them. 
NELSON (1933) is of opinion that in the oyster they are the result of the 
incomplete separation of food particles from undigestible matter, 
inherent to the feeding mechanism. CoE and Fox, however, in most 
instances ascribe their presence to excess of food (Cor and Fox, 1942; 
Fox and Cor, 1943; Cor and Fox, 1944; Cor, 1945, and 1947), an 
opinion apparently going back to Fox (1936). Even after their dis- 
covery (Fox and Cok, 1943) that so many dinoflagellates remain un- 
digested they ascribed this at first to overabundance of food. Only in 
1944 (or later) did they mention incomplete attack through the ab- 
sence of the right enzymes as a possible cause. But overabundance of 
food was still held to be the chief reason for unattacked material in the 
faeces in other instances even now. 

The descriptions of Cor and Fox (see especially Fox and Cog, 1943, 
p. 232) make the impression on me that excess of food may indeed lead 
to large numbers of unattacked organisms in the faeces. ‘““When algal 
zoospores are abundant the phagocytic cells of the digestive diverticula 
are distended with these reproductive cells. At such times they also 
form the principal constituent of the faeces, since the mussel is able 
to assimilate only a small proportion of the vast numbers ingested.”’ 
The same impression is given, for instance, by the description of Loo- 
SANOFF and ENGLE (1947). 

If, however, living or undamaged organisms in the faeces can be due 
to two different causes: overabundance of food (eventually due to in- 
creased incomplete separation as meant by NELson) as well as inability 
to attack the food, their presence in the faeces can no longer be used 
as evidence that the right enzymes for their digestion are wanting. In 
the experiments of LoosanorF and ENGLE high concentrations of micro- 
organisms produced large quantities of pseudofaeces as well as large 
numbers of living organisms in the faeces. It has been suggested that 
these organisms may have been partly unsuitable as food. If they may 
have been due to overfeeding the supposition that the food was un- 
suitable may be wrong. The most we can say at present apparently is 
that in certain cases we see digestion fail to break down the food. 
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Fig. 6. Western part of the Waddensea west of the watershed between the island of 
Terschelling and the coast of the province of Friesland. Dotted areas represent the 
sands falling dry at lowest low water of spring tide. 
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V. THE ACTIVITY OF COCKLES AND MUSSELS WITHIN 
THE WADDENSEA 


The mollusks of the Waddensea may cause changes to their environ- 
ment in two ways: first, by changing the geomorphological aspect of 
the whole, secondly, through their influence on the character of the 
material from which the area is built up. 

The firstnamed influence, that on the geomorphological aspect, can 
only be small. The general morphology of the Waddensea, with its 
configuration of main channels and wide flat areas, is in no way 
dependent on the presence of mollusks, and the influence of the latter 
is only quite secondary and relates to morphological details. In fact, I 
am acquainted with one good instance of such an influence only. 
Where mussel beds develop over the drainage channels of large 
shallows the course of these creeks can be changed under the influence 
of such beds as it may also change through accumulation of sand. For 
the configuration of the Wadden as a whole this fact is of quite 
secondary importance, of course. 


One may ask whether the creeks did not rather develop as a result of the presence 
of mussels instead of the mussels as a result of the presence of creeks. This is not the 
case. The large flats possess a number of drains. Many of these are favourable as a 
habitat for mussels, which may form a dam of beds across and a series of beds along 
them. In growing heavier the dam becomes an obstacle to the current and the water 
partly begins to flow around the dam so that a new creek is developed. ‘This new 
creek results from the presence of mussels; yet, one cannot say that the creek owes 
its existence to them, as in a somewhat different form it was there already before the 
mussels came. 


The second way in which mollusks cause a change in the whole is 
that they alter the character of the substratum. In this respect the 
animals may be of importance in two ways: by altering the quantity, 
composition and structure of the bottom material, and by the accumu- 
lation of lime in their shells. Having ascertained in the foregoing 
chapter the details necessary for a correct understanding of the con- 
version of suspended material into faeces and pseudofaeces we may 
now see of what importance the activity of these mollusks is in these 
respects. 
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According to WILLEMSEN’s observations dealt with above a cockle of 
two years old pumps about 0.5 litres of water per hour. Assuming that 
the average time of pumping per day for the cockle may be comparable 
to that of oyster and mussel, the value of 20 hours found for the latter 
species may be taken as a suitable mean for submerged cockles. Since 
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the quantities of water pumped, however, may decrease at low temper- 
atures and cockles may fall dry a certain period every tide the average 
number of hours of pumping per day is here estimated at 12, this 
presumably representing a very low figure. 

The water of the Waddensea according to Posrma’s determinations 
contains on an average some 25 mg (dry weight) of suspended material] 
(including plankton) per litre. During windy weather the quantity 
increases. On the other hand, it may be especially low over the sands 
where the cockles are living, since the water layer is rather easily 
depleted there. The mean figure for the water of the Waddensea as a 
whole may therefore be lower, and 20 instead of 25 mg is therefore 
taken as a starting point. As very little material is refused at the siphon 
entrance, practically the whole of this material is fixed in the form of 
flesh, energy, faeces or pseudofaeces. 

A cockle pumping 12 hours a day at a rate of 0.5 litres an hour may 
fix, then, some 120 mg per day or 43.800 mg a year. 

Part of this material is digested, part is rejected as pseudofacces, 
another part is returned as faeces. It was stated above already that one 
faecal pellet issuing every 40 seconds may be considered a low average. 
That makes per day of 12 hours 1080 and per year 394.200 pellets. 
Damas estimates the volume of one pellet at 0.3 mm*. His cockles may 
have been smaller than ours, but the same figure will be used here. 
That comes to 118.260 mm of pellets a year. I conclude from Moore’s 
paper (1931a) that the water content of this material is some 85%, 
expressed by volume. Assuming a specific weight of somewhat more 
than 1 (the pellets are heavier than the sea water) their dry weight 
would be at least 17.000 mg.} 

If the above assumptions should more or less hold good one cockle 
in the course of a year would take in and fix at least 44.000 mg (dry 
weight) of suspended matter (plankton included) and reject at least 
some 17.000 mg of faeces. 

The difference between these two figures would represent materials for the cockle’s 
gain in weight, and for its sexual products, the energy for its metabolism, and its 


pseudofaeces. 

According to our calculations the dry weight of the organic material makes about 
12% of the total dry weight of plankton and suspended matter. The 44000 mg 
pumped in may therefore contain some 5000 mg (dry weight) of organic material 


1 Tt makes much difference whether the percentage of the water is expressed per 
volume or per weight. Moore expresses the water content per volume, HANTZSCHEL 
(citing SrockFisH and BENADE) by weight. Weight figures are much lower than the 
corresponding volume figures, how much depends on the relative proportion of sand 
and other material. If the faecal pellets consist for 50% of their volume of sand with 
a specific weight of 2.5, and the other 50% are clay, organic material and water, 
with a specific weight of about 1, their specific weight is about 1.3 and the dry weight 
here calculated then becomes about 23000 mg. 
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and this is divided over the pseudofaeces, the food that is taken up, and the faeces. 
Because nothing is known for certain about the average percentage of organic 
material within the pseudofaeces and faeces it is impossible to say what percentage 
of the material is actually digested. Should some 1200 mg be contained in the pseudo- 
faeces, some 1800 mg be digested and as much as 2000 mg make part of the faeces, 
the latter would contain some 12 % of organic matter. Should occasionally as much 
as 3000 mg of the organic material make part of the faeces the percentage of 
organic matter within the latter would amount to 17.5. These figures differ so much 
from the 30% mentioned by Fox and Coe (1943) for the Californian mussel, that 
in themselves they form an argument against the usefulness of their figure which — 
it be remembered — was acquired after decantation of the sand. We are very far, 
however, from being able to give a provisional metabolic balance sheet of the 
cockle, as Fox and Cok have so admirably attempted to do for the mussel. 

If one wants to judge the influence of the cockle population on the 
fixation of suspended matter in the Waddensea as a whole the number 
of cockles should be known. It is difficult to estimate the average 
number of Cardium per square metre of sands since there are — as 
already described — stretches with 2000 adult individuals and also sands 
(around the island of Griend for instance) with very few or even none. 
In order not to arrive at too high an estimate 10 cockles per square 
metre will be taken as an average. 

N. Py, analyst to the Zoological Station, has determined the total 
surface of the western part of the Waddensea west of the watershed 
between Terschelling and the Friesian coast. It amounts to about 
1557 km?. About 600 km? (38 % of the total) fall dry during the lowest 
low waters of spring tides and this is about the area inhabited by the 
cockle. These 600 square kilometers may therefore be inhabited by a 
total of at the very least some 6000 million adult cockles, but twice that 
figure is probably more correct. 

As one adult cockle would pump in and fix some 44.000 mg (dry 
weight) of suspended material in the course of a year 6000 million 
cockles would fix 264 million kg (dry weight) of suspended matter. 
Assuming a water content of 75% (by weight) the wet weight may 
amount to 1000 million kg or a volume of some one million cubic 
metres. 

These same cockles would produce at least some 6 x 10° < 17.000 
mg dry weight of faeces a year. This makes some roo million kg. 
Expressed in volume units they would produce (see above) some 6 x 
10? x 118.260 mm? or some 0.71 million cubic metres of faecal pellets 
a year. 


' The above percentages of organic matter (12 % in the material pumped in and 
perhaps 12% in the material ejected) both relate to the dry weight at 120° C. They 
are not comparable, however, since through ejection of sand with the pseudofaeces 
the percentage of organic material in the stomach contents will first become higher 
than 12% and then decrease again to for instance 12 % in the faeces. 
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This amount may be assumed to be spread over an area of 600 km?. 
It thus would form a layer of some 0.12 mm high. Should the average 
number of cockles per square metre be 20 instead of 10 (a possibility 
which may be nearer the truth) the annual layer would be some 0.24 
mm. Its thickness would gradually decrease through water loss. It 
follows from numerous values obtained by J. ScHrete for the harbour 
of Ymuiden that the water content of its bottom sediment may de- 
crease from above 70% by weight (some 86°% by volume) to 60 or 
even 50% (some 72°% by volume) towards 1 m depth. Moore finds 
a decrease from about 85 to about 77°% (by volume) for the deeper 
layers of the Clyde mud, which according to him are some 5-25 years 
old. Such a decrease would cause a decrease of the thickness of the 
annual layer of 0.12 to about 0.10 mm. 

To the volume and weight of the faecal material must be added that 
of the shells. The shells of 100 well grown Waddensea cockles of about 
two years old weigh some 750 grams. This means that the lime pro- 
duction of one cockle per year may amount to something like 3-4 ¢ 
and that 6 x 10° cockles produce some 18-24 million kg of shells. 
2000 cockle shells of the above size occupy a volume of about 0.01 m?. 
If it is assumed that 10 cockles of two years old grow up on a square 
metre of flat every 2 years, they produce a layer of lime of some 
0.025 mm. The layer of faeces would therefore have more than four 
times the thickness of the layer of lime. The layer of faecal material 
would contain much water, however. — To this layer of faeces and 
shells must be added the pseudofaecal material, the quantities of which 
are difficult to estimate through want of data. 

In reality, the assumption that a layer of faeces would be spread 
over an area of 600 square kilometers of sands is untrue, since the 
pellets are probably largely transported to the creeks and through them 
to quiet areas. 

Part of the shells are carried to the creeks, but many (I think most) 
flats show dense layers of cockles, clams and mussels at some depth 
below the surface and these must be of some influence on the growth 
of the flats. Where the quantity of sand available for building should 
be small, shells cannot be without some importance. It is true, they are 
partly dissolved again through the action of carbon dioxyd, especially 
in a bottom rich in organic matter, but this is a very slow process and 
it certainly stops after some time, because there is so much lime in 
comparison to the quantity of organic material. 

The combined effect of the activity of 6000 million cockles in the 
western part of the Waddensea would be that they withdraw from the 
water one million cubic metres of wet or some 264 million kg of dry 
suspended matter (plankton included); that they produce something 


222 J. VERWEY 


like 0.7 million cubic metres or some 100 million kg (dry weight) of 
faecal material and a quantity of pseudofaeces that is at present diffi- 
cult to estimate. Further, the amount of shells produced by 6000 mil- 
lion cockles must amount to some 18-24 million kg or some 18-24 
thousand cubic metres. Assuming that at least 90 % of this material is 
CaCO, the lime production amounts to some 16-22 million kg. Shells, 
faeces and pseudofaeces together may represent at the very least some 
140 million kg dry weight and a wet volume of some 0.85 million cubic 
metres. 

All figures here given represent minima, as they are based on low 
estimates. It is well possible that they must be doubled. Itis unprobable, 
however, that they should be thrice as high as here given. 

Damas (1934) came to the conclusion that the quantities of mud 
deposited in the neighbourhood of Zeebrugge would amount to one 
and a quarter million cubic metres per year. His estimates were based 
on one faecal pellet issuing every 8 (instead of 40) seconds and 1000 
(instead of 10) cockles per square metre over an area of 250 hectare or 
2.5 square kilometres. This would mean that an area 240 times smaller 
than the western part of the Waddensea would produce nearly double 
the quantity of 0.7 million cubic metres calculated for the latter. 
Though this seems a rather high estimate the fact need not be quite 
impossible, because everything depends on the density of the popu- 
lation. The estimate of 1000 cockles per square metre for the Wadden- 
sea would be much too high, for though there are stretches with 2000 
fullgrown cockles per square metre the extensive sands with only a few 
per m? reduce the average. 


2. THE ACTIVITY OF THE MUSSEL 


Before proceeding in order to see what may be the final conclusion as to 
the general importance of the above facts the mussel should be dealt 
with. 

The chief difficulty in the mussel is to make a more or less trust- 
worthy estimate of the number of individuals. It is not so difficult 
roughly to estimate the number of cockles present in the area under 
consideration, because they are restricted to the flats and fairly regular- 
ly distributed there. The population, moreover, is often restricted to 
one single year class, so that the estimation of the number of old 
individuals is little disturbed through the influence of large numbers 
of younger animals. With the mussel matters are quite different. They 
are not restricted to the flats, but occur also within and along the 
creeks. The largest bank occurring in the Waddensea in the years 
1945—'50 was about 3 kilometres long, about 1 kilometre broad, and it 
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was lying about 4 metres deep. How many mussels may inhabit such 
a bank? Moreover, one always finds large numbers of younger and 
older mussels in the same area at the same time. 

For these reasons another method has been followed here for esti- 
mating numbers, namely that of using the results of the fisheries. This 
would not have been possible without the help of Dr B. Havinca, 
director of the Institution for fisheries research, Amsterdam, the 
fisheries inspector, Mr van Hence at Amsterdam, and the fisheries 
surveyor, Mr DE VLIEGER at Den Helder. 

In 1949 2.280.000 kg of consumption mussels were fished in the 
western part of the Waddensea studied here. These are mussels of 
about 6-8 cm length. As 1 kg contains about 25 specimens their total 
number may have been some 57 million individuals. To this figure 
must be added some 271.000 kg of mussels, ‘‘cultivated” south of Ter- 
schelling and near Griend. They represent some 6.8 million individuals 
and bring the total at 63.8 million. 

Further, some 9.563.000 kg of smaller mussels, of about 3-6 cm 
length, were fished. They are used as food for ducks and about 50 of 
them are contained in 1 kg, so that the number of individuals may 
have been 478 million. 

Finally, some 3 million kg of young mussels (so called seed) were 
fished. One kg of these according to Prt contains some 500 specimens 
of from 5 to 30 mm length and the total number of individuals may 
have been 1500 million. 

Now, DE VLIEGER, who is better acquainted with the Waddensea 
than anyone else, is of opinion that the total fished in 1949 represents 
about one third of the total present. He believes that the catch con- 
sisted of less than half the total and that it was certainly more than one 
fourth. In other words, the Waddensea in 1949 would have contained 
some 191.4 (say 200) million consumption mussels, some 1434 (say 
1500) million halfgrown mussels, and some 4500 million small mussels. 

As 1949, however, was a very good year, these figures should not 
be considered averages, and one third is therefore taken here. That 
gives some 70 million old, some 500 million halfgrown, and some 1500 
million young mussels of about one year old. 

The mean quantities of water pumped by the individuals of these 
three different groups (see p. 194) will be estimated at 1.5, 1.-, and 
o.1 litres per hour pumping. It may again be assumed that the animals 
pump 12 hours a day and that they take in practically the whole of 
the suspended material, which will be estimated again at 20 mg. 

The animals of group I then pump in: 70 x 1o® (number of mussels) 
soa 2e(hours)) x ‘1.5, (itres<-365 (days) x20. (mzg)) = 91.9080 «x 10° 
mg = g.2 million kg of suspended matter. 
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The animals of group II pump in: 500 x 108 x 12 X I.— X 365 X 
20 = 43.8 million kg. 

The animals of group III, finally, pump in: 1500 x 10% x 12 x 
0.1 X 365 X 20 = 13.14 million kg. 

So that the combined mussels of the western part of the Waddensea, 
which are estimated at 2000 million individuals, would annually with- 
draw from the water a total of some 66 million kg ofsuspended material. 

Should the relation between the quantity of suspended matter 
pumped in and the quantity of faeces produced, and also the water 
content of the faeces, be the same as in the cockle, the mussels would 
produce 5 x 66 = 25 million kg (dry weight) of faeces or some 0.18 
million cubic metres. If, however, a faeces production of 1000 mg dry 
weight per large animal per day is taken as a starting point (compare 
p. 214-215), the quantity of faeces produced by the large mussels alone 
(say 70 million individuals) is already 25 million kg. Since the quantity 
of material pumped in by all mussels together is supposed to be about 
7 times the quantity pumped in by the large mussels the quantity of 
faeces produced by all mussels together would also be 7 times the 
quantity produced by the large animals alone, i.e. 175 million kg (dry 
weight). The great difference between the first and the last figure (25 
and 175 million kg respectively) must be due to the fact that in the 
first calculation 12 hours of pumping per day and 20 mg of suspended 
matter per litre of water pumped were taken as a starting point, in the 
second case a faeces-production of 1000 mg for 365 days per year. It 
may be assumed that the former value is rather low, whereas the latter 
for the western Waddensea is certainly too high. It was stated already 
that conditions in the eastern Waddensea differ much from those in 
the western and they will probably differ much even at neighbouring 
places. Nevertheless, the figure of 25 million kg as an average for the 
annual faeces-production by mussels in the western part of the Wad- 
densea will be maintained here. 

The weight of the shells of the 2000 million mussels may represent 
some 4.7 million kg. This figure has been obtained by assuming that 
the average weight-of the shells of the individual mussels of groups I, 
II and III may respectively be 10, 5, and 1 g 


Ss: 


3. THE ACTIVITIES OF COCKLES AND MUSSELS 
COMPARED AND COMBINED 


Before proceeding, the figures found for the mussel should be compared 
with the corresponding ones for the cockle. 
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It has been supposed that the western part of the Waddensea, west 
of the watershed between Terschelling and the Friesian coast, on an 
average would contain 6000 million cockles and some 2000 million 
mussels, both estimates certainly representing rather low figures. The 
6000 million cockles would withdraw from the water some 264 million 
kg (dry weight) of suspended matter. The 2000 million mussels would 
withdraw some 66 million kg. Cockle and mussel activity in the western 
Waddensea would therefore be related as 4:1. 

It is assumed that the quantities of faeces and pseudofaeces produced 
by cockles and mussels show a similar relation. 

The weight of the shells of 6000 million adult cockles may be esti- 
mated at about 21 million kg. The weight of the shells of the 2000 mil- 
lion mussels may represent some 4.7 million kg. This would contain 
that the cockles produce 4—5 times more shell weight per year than 
the mussels. 

Adding the values for cockles and mussels these animals in the 
western Waddensea would annually withdraw from the water some 
330 million kg dry weight of suspended matter (plankton included), 
representing some 1.3 million cubic metres of wet material. A very 
large part of this material, say two thirds at the very least, will be 
converted into faeces and pseudofaeces. Further, the animals would 
annually produce some 25 million kg of shells. Shells, faeces and 
pseudofaeces may at the very least represent some 250 million kg (dry 
weight) of material, which is not easily carried away. 

It has been described above how the mussels, contrary to the cockles, 
occur in beds, where many thousands of individuals may occur to- 
gether. The faeces and pseudofaeces of all these animals fall between 
and around them, filling all interspaces. The mussels are gradually 
covered by them, and they work themselves out of the sediment where 
this is possible. Part of them die and form a firm hold for others and 
they thus build a bank of silt and shells, the upper surface of which is 
covered by the living animals. The accumulations of silt in large beds 
may take enormous proportions. It is a general belief among mussel 
fishers that the layer of silt may reach a height of several decimetres 
within a year, and this is certainly true. 

The reason why this material largely remains where it is produced 
and, contrary to what is the case in cockles, is only partially carried 
away, may be found in the form of the faecal bands, which are long, 
and also heavy (for figures see Dopcson, 1928; Moore, 1931b; 
SCHWARZ, 1932). One also gets the impression, however, that the 
mussel produces more mucus than the cockle, so that the material 
adheres more firmly. Finally, the faeces can be carried away less 
easily, because they fall between the animals and are not ejected on sand as 
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are cockle pellets. Nevertheless, large quantities of this material are 
carried to the lee of the beds, where they may form extensive patches of 
a very soft sediment. Where dams of mussel beds cross the drains of 
large shallows this lee seems always to lie at the side of the beds turned 
away from the shallows. 

When the musselbeds are broken up one regularly finds on these 
sites banks of a very consistent material, which has the appearance of 
clay and certainly contains a high percentage of the latter. These 
banks or patches are interspersed with shells. They are not easily 
destroyed and in musseldams across important drains one may find 
a number of such patches keeping stand in strong currents. 

The difference in sedimentation between cockles and mussels, then, 
is that the cockles are regularly distributed and therefore produce 
pellets over wide areas, from where they are easily carried to the creeks; 
whereas mussels are distributed quite irregularly and produce their 
faeces locally; these faeces are not so easily carried away. The photo- 
graphs given by ScHwaArz (1932, fig. 1-4) can well serve to illustrate 
the differences in question. 

What, now, is the result of this combined activity of cockles and 
mussels ? 

That they annually convert more (perhaps much more) than 330 
million kg (dry weight) of suspended matter into pseudofaeces, flesh 
and faeces and thus contribute to the fixation of the suspended material 
on a large scale. In this connection especially the great resistance of the 
faeces to disintegration is of much interest. Moore (1931 a and b) has 
drawn attention to their long life. He found them in the Clyde area 
unattacked in muds of a century old. They may live shorter in shallow 
areas, where they are easier attacked, but even here their life may be 
very long. Moore (1931) already drew attention to the fact that, bio- 
logically, the process of fixing the unconsumable remains into a form, 
which is unfit for further use, may be very important. Such species as 
cockles and mussels, which feed by pumping the water, and which 
must pump constantly so to speak, because their food gaining mecha- 
nism works according to a very simple principle and rather inefficiently 
(an idea especially expressed by Fox and CoE), would be in a very 
adverse position if the water were to contain all the food remains of 
their neighbours. The ‘‘disadvantage’’ (if we are allowed to use such 
a word here), however, is that part of the organic material is fixed and 
therefore withdrawn from the cycle for a very long time. It is shunted 
on a side line so to speak, from where it may return after many years. 

The result is that a large part of the material lies constantly unused. 
We found that the combined populations of cockles and mussels at 
least pump some 330 million kg (dry weight) of suspended matter 
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annually, containing some 12% orsome 40 million kg of organic material. 
Should our former supposition (p. 219-220) hold good that up to 
two fifths of this material would be excreted within the faecal pellets 
about 16 million kg would be fixed in the latter per year. If they would 
resist disintegration for 25 years their deposit would contain some 400 
million kg of organic material. Assuming that the other three fifths, or 
24 million kg, contained in pseudofaeces and animal flesh, would have 
an average life cycle of at the very most three years, their total should 
be about 70 million kg. The value of such figures is very restricted, of 
course, but they may emphasize the fact that the depot lying unused 
for long periods may indeed be very important. Within this long period 
much of the material will, moreover, have a chance to be carried from 
the western part of the Waddensea to the eastern, whereas accumu- 
lation of this material in quiet parts may withdraw it from the cycle 
for much longer periods or even for ever. 

Before leaving this chapter one would like to deal with the question 
of what influence cockles and mussels are on sedimentation within the 
Waddensea generally. We found it must be assumed that material in 
suspension is constantly carried from the North Sea to the Waddensea, 
where it is retained through sedimentation. To this process of retaining 
material cockles and mussels contribute on a large scale. The difficulty, 
however, is to compare this scale with that of the whole. At present, it 
seems hardly possible to say anything definite on the point, but the 
question deserves much attention. 


VI. THE SOURCE OF THE ORGANIC MATERIAL 


The question is of much interest what may be the chief source of the 
organic matter, which forms the base for the activity of these millions 
of animals. What may be the relation between the quantities of organic 
matter present in the Waddensea itself and brought to the latter from 
outside ? Though a decisive answer to this question cannot be given, 
some general considerations may be of value. 

Two processes are at work. One is concerned with the life cycle of 
the organic material within the area dealt with, the other with the 
interchange of material between the Waddensea and the surrounding 
waters. Though these processes cannot be separated, they will be dealt 
with one after the other. 

Assuming, first, that the Waddensea would be self-supporting and 
received no material from outside (which is not the case, of course), 
the Waddensea could be treated as if it were a closed body of water. 
This closed body, then, would contain 6 x 10° cockles, pumping at 
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least 12 hours a day 0.5 litres per hour, i.e. 0.036 km? a day. The data, 
already given for the mussels, show that the adult mussels would pump 
0.00096 km, the halfgrown ones 0.00225 km}, the young ones 0.00135 
km? a day. The total quantity of water, pumped by cockles and mussels 
of the western Waddensea, would amount, then, to 0.041 km? a day. 

According to determinations of N. Pyt and H. Postma the mean 
depth of the Waddensea west of the watershed Terschelling—Friesian 
coast at lowest low water of spring tides is about 2.54 m. Mean sea 
level is for the neigbourhood of Den Helder 1.13 m higher (for Ter- 
schelling more than that), so that the mean water height would be 3.7 
m or more. As the surface of the western part is about 1560 km? the 
volume at mean tide would be about 5.8 km?. 

As the total populations of cockles and mussels pump at least some 
0.041 km? a day they would pump a volume of water comparable to 
that of the western Waddensea in about 140 days or 2.6 times that 
volume in one year.! This does not mean, of course, that they would 
pump the whole water mass of the area 2.6 times a year, since they 
would pump part of the water again and again, and another part of it 
not at all. The result, however, would be all the same: that after not 
too long a period of time the water would have been largely deprived 
of its suspended organic matter, and how much material would be 
available to the animals would depend on the relation between the 
time necessary for its depletion and that necessary for the production 
of “new” organic material. In other words, the duration of the life- 
cycle of the organic matter would govern the whole as is the case in 
any closed body of water. 

Now, it is difficult to believe that a population, which is so large that 
part of it may deprive its water mass from all food within 140 days, 
could do without a supply of food from outside. It may therefore be 
assumed that such a supply is necessary to maintain the population at 
such a high level. There is the more reason to suppose so, because there 
often may be a transport of organic material from the western Wadden- 
sea here studied to the east. The basin as a whole is very shallow and 


* LINKE (1940) says that “‘allein auf der Wattflache zwischen Juist und dem Fest- 
land, die etwa 150 qkm gross ist und bei Tidehochwasser einen Wasserinhalt von 
250 Millionen cbm hat, von den dort lebenden Miesmuscheln taglich tiber 5 Mil- 
lionen cbm Wasser durch Filtration restlos von Sinkstoffen befreit werden”. It 
would mean that the mussels there would pump the whole watervolume in 50 
instead of 140 days. This is not at all impossible, because so much depends on the 
quantities of mussels in relation to the watervolume. Moreover, our own estimation 
may be too low. Linke does not mention the data, however, on which his calculations 
are based: one would like to know the average quantities of mussels present in the 
area in question as well as the average quantities of water supposed to be pumped 
per mussel of a certain size per day. 
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southwestern winds are dominant; transport may therefore easily take 
place and this must mean a constant loss. A second loss of organic 
material is caused by the fisheries. Whereas the quantities of 
cockles fished (for description see KREGER, 1939) are as a rule small, 
the quantities of mussels may be quite important and represent several 
millions of kilograms. A closed body of water without an import of 
food from outside could never continue producing such large numbers 
of animals for a series of years. 

All this means that the second process mentioned above, that of the 
interchange between the Waddensea and the water surrounding it, 
must be very important. 

A certain quantity of fresh water, on an average about 10! m3 per 
year or 0.014 km? per tide, is discharged into the Waddensea and 
mixes with the water of the Waddensea itself and with that entering 
every tide from the North Sea. According to measurements of the 
Rijkswaterstaat the latter quantity (entering through Marsdiep, Eyer- 
landse Gat and Vlie) is about 2 km’, so that at high tide, when the 
total volume of the Waddensea is about 6.8 km?, the latter are com- 
posed of 2 km? of water from the North Sea, 0.014 km? of fresh water 
and some 4.8 km® of water of the Waddensea itself. The relation 
between the water entering from the North Sea and the fresh water is 
about 140:1, the North Sea water must therefore be of much more 
importance to the Waddensea than the fresh water. It must be realized, 
however, that part of the 2 km® of water from the North Sea entering 
the Waddensea every tide left the latter during the ‘foregoing ebb. 
Those 2 km? do not, therefore, represent true North Sea water, but a 
mixture of water from the North Sea and the outer part of the Wadden- 
sea, in which the quantity of North Sea water increases outward and 
increases more and more as high tide is approached. ‘The fact remains, 
however, that the influence of the North Sea water must be many 
times greater than that of the fresh water. Therefore, if it is the inter- 
change between the Waddensea and its neighbouring waters, which 
makes food production possible on a large scale, the source for such 
food must in the very first place be found in the North Sea. 


1 LINKE (1940), whose paper I saw after my paper had been written, is apparantly 
of opinion that the suspended matter present in the German Waddensea is chiefly 
formed within the latter. ““Fir die Emsmitindung konnte nachgewiesen werden, dass 
Flusseinsptilungen keine Rolle spielen. Unsicher ist hingegen noch der Einfluss von 
See her, besonders aus den grossen Schlickgebieten, die in der Nordsee vor den 
friesischen Kiisten liegen. Damit ist fiir einen grossen Teil des Schlickes die Bildungs- 
statte bekannt, so dass die Frage der in einem bestimmten Zeitraum neu gebildeten 
Schlickmenge untersucht werden kann.”’ As long as it is uncertain, however, whether 
the North Sea may not be an important source for the material in question, we should 
not suppose that the latter is chiefly formed within the Waddensea itself. 
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Itisnotatonceclear how the North Sea water entering the Wadden- 
sea may cause such favourable conditions in the latter. One is inclined 
to believe that its direct influence must be small. Though 2 km? of 
mixed North Sea and Waddensea water enter the Waddensea every 
tide the combined populations of cockles and mussels according to our 
calculations do not pump more than 0.041 km? a day or only some 
0.020 km? per tide. Even if this figure would be too low the quantity 
pumped can only be small compared with the quantity entering from 
the North Sea. Further, only part of the total mollusk population comes 
into direct contact with the ‘“‘new” water, so that the quantities of 
North Sea water pumped must be quite low, even if the fact is taken 
into account that the feeding activity of such largely intertidal animals 
is greatest during the hours of high water, when the influence of the 
North Sea is maximal. The favourable influence of the water from the 
North Sea must therefore be largely an indirect one. 

In the chapter Environment the opinion was expressed that the 
mixing of water masses of different character from the point of view of 
food production may be especially valuable, because organisms in- 
habiting these masses may be killed, together with detritus from that 
water may sink to the bottom and enrich the bottom water. I suppose this 
to be an important cause for the richness of coastal water generally. 
Within the Waddensea this material is transported inward and much 
larger quantities of food must thus become available to the mollusks 
than would be the case along the direct way alone. Food is here meant 
to include plankton from the North Sea, disintegrated plankton, 
detritus from the North Sea, detritus formed within the Waddensea 
from disintegrated North Sea plankton, and, finally, plankton organ- 
isms which grew up on the chemical compounds after mineralization 
of the organic material originating from the North Sea. 


Summarizing, these suppositions come to the following. 

The Waddensea, if it were a closed basin, could never produce such 
large amounts of animals as actually do exist and are fished there. It 
owes part of its organic matter, forming the base for its food supply, 
to the fresh water and especially to the water from the North Sea 
entering it. Part of this material will be used directly, but the greater 
part will gradually move inward and then become available to the 
animals indirectly. Through the simpleness of the sieving mechanism of 
the mollusks part of the organic material is refused, whereas part of it 
is excreted with the faecal pellets. The latter are not easily broken 
down, with the result that part of the organic material returns into the 
cycle only after a long lapse of time. A large quantity of it is thus accu- 
mulated. Another large part of the organic material brought in from the 
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North Sea will be stored in the flesh of the millions of animals. This 
part too returns into the cycle after a certain lapse of time, but this 
lapse must be much shorter than that of the faeces and this food is 
therefore earlier available again. 

The above conclusion, however, that the Waddensea, if it were a 
closed basin, could never feed such large numbers of animals as actu- 
ally do exist there, does not mean that the organic material of the 
Waddensea itself would not be important also. It goes without saying 
that both kinds of food sources cannot be separated and that they are 
used as one whole. It is further clear that within this whole the Wad- 
densea-material itself cannot be neglected. If, namely, thanks to the 
favourable influence of the North Sea, a large population of animals is 
built up, in which great quantities of organic material are accumulated, 
the niveau of organic material within the Waddensea reaches a high 
level, so that a constant flow of organic material and a constant pro- 
duction of new material from it must be the result. Cockles and mussels 
themselves may be taken as an example. We came to the conclusion 
that their total within the Western Waddensea may amount to some 
8000 million individuals. If one individual on the average would 
represent only 2000 mg (dry weight) of organic material their total 
represents at least some 16 million kg. If the average life cycle of these 
mollusks, as supposed above, would be about 3 years, 5 million kg of 
organic material at the very least would be furnished annually by 
cockles and mussels alone. Since, according to our earlier calculations 
(p. 227) the combined populations of cockles and mussels may pump 
some 40 million kg of organic material a year it is obvious that the 
quantities formed “‘by the Waddensea itself’ must represent a consider- 
able part of the whole, even if the fact is considered that much of the 
above 5 million kg is lost in the cycle. We can probably best say, there- 
fore, that, though the high niveau of the organic material reached 
within the Waddensea is certainly due to the favourable influence of 
the North Sea, the latter does little more than regularly adding to the 
large amount of material already present, thus counteracting its losses. 


VII. SUMMARY 


The paper means an attempt to evaluate the réle of bivalve mollusks, 
especially cockles and mussels, in matters of sedimentation in the 
western half of the Dutch Waddensea. It deals with the ecological 
needs of both species and their dependence on environmental factors, 
and also with the quantity and composition of the material suspended 
in the water and the source of its organic part, which is used for food. 
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It contains a concise summary of the feeding biology of bivalve 
mollusks and finally tries to evaluate the influence of the latter in 
matters of sedimentation. 


1. The Waddensea is inhabited by a small number ofspecies which can 
cope with (and possibly need) great differences in the quantity of light 
and suspended material, salinity and temperature, the strength of the 
currents and the changes in depths. But these animals have at their 
disposal extensive areas where competition with other species is less 
important than elsewhere and where food is abundant; they can there- 
fore be numerous. Cockle and mussel should be seen in this light. 

2. Cockles are restricted to a sandy bottom in shallow water. The 
larvae during or after metamorphosis presumably find the latter 
through their need of rather strong light. They can only settle where 
currents are weak. Since food conditions may be better where currents 
are stronger the places of easy settling need not be the best places for 
erowth, with the result that the favourable areas for young and old 
animals are not always the same. Generally speaking, cockles are quite 
regularly distributed over the sands, their numbers changing rather 
gradually with the change of current velocities. 

3. Mussels need a more or less firm substratum in shallow water. Their 
larvae too probably need a fair amount of light during the time of 
attachment. They settle especially on algae, from which, however, they 
loosen their hold after some time, to exchange them for another sub- 
stratum. The byssus threads are quite valuable from this point of view, 
since they represent a semi-permanent form of attachment. After 
loosening their hold the young mussels have themselves carried through 
the currents. During this transport mussel banks catch them at hap- 
hazard. Mussel banks form the best substratum for settling since they 
contain so many niches. The congregation of thousands of mussels in 
mussel banks is not a result of social behaviour based on smell, but of 
the fact that there are no better niches for mussels than those between 
mussels. Mussel banks are especially lying along and over creeks. The 
reason is that not too weak and not too strong currents are optimal 
for them. 

4. The matter suspended in the water of the Waddensea, averaging 
about 25 mg (dry weight) per litre, has about the following compo- 
sition: sand about 44, shellsand 18, clay 8, Fe,O, 18, organic material 
12%. These figures are percentages of the dry total at 120° of all 
suspended material, plankton and organic detritus included. Especi- 
ally the quantity of sand may show great differences from place to 
place and from one moment to the other. From the point of view of 
mollusk activity especially the 12% of organic material are of interest. 
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5. The feeding biology of bivalves is dealt with in some detail in 
chapter IV under the following heads: 1. the number of hours the 
animals pump per day; 2. the quantities of water which are pumped; 
3. the part of the suspended matter, which is pumped in; 4. the part of 
the material pumped in retained as food; 5. the way in which a separ- 
ation between useful and unuseful takes place; 6. the part of the 
material retained which is rejected or accepted; 7. the part of the 
accepted material which is digested; 8. the quantity and composition 
of the faeces. 

This chapter represents a review of the literature (with some new 
additions), which serves as a base for the calculations and conclusions 
following thereafter. 

6. Chapter V deals with the activities of cockles and mussels within 
the Waddensea and with estimates about their réle in sedimentation. 

One cockle in the course of one year may be assumed to take in and 
fix at least some 44.000 mg (dry weight) of suspended matter (plankton 
included) and to reject at least some 17.000 mg of faeces. The remain- 
ing 27.000 mg are partly ejected as pseudofaeces, whereas the rest 
represents food. The number of cockles in the area dealt with is esti- 
mated at 6 x 10° individuals of 2 years old at the very least. They take ° 
in at least some 264 million kg (dry weight) of suspended matter a 
year and give off some 100 million kg of faeces. They further produce 
some 18-24 million kg of shells annually. 

The mussel population of the area is estimated at about 70 million 
old, some 500 million halfgrown, and some 1500 million young mussels 
of about one year old, some 2000 million in all. This certainly is a very 
low estimate. 

The quantity of suspended matter withdrawn from the water may 
be about one fourth that withdrawn by the combined cockles. The 
mussels produce 4—5 times less shell weight than the cockles. 

Shells, faeces and pseudofaeces of cockles and mussels combined may 
at the very least represent some 250 million kg (dry weight) of material 
per year. This material is less easily carried away than before it had 
passed the animals, but in this connection there is much difference 
between the two species of bivalves dealt with. 

It is difficult to say anything on the relation between the influence 
of cockles and mussels on sedimentation and sedimentation as a whole. 

7. The source of the organic material, on which the millions of indi- 
viduals inhabiting the Waddensea are built up, is found in the very 
first place in the North Sea. If the Waddensea were a closed basin it 
could never feed so many animals. At the same time, the quantity of 
organic material present in the water per unit of volume is smaller 
in the North Sea than in the Waddensea. It is accumulated in the 
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Waddensea through processes, of which mollusk activity represents 
one. Material from the North Sea is constantly laid down here. Never- 
theless, the favourable influence of the North Sea on the Waddensea is 
certainly chiefly indirect, the North Sea doing little more than regularly 
adding to the large amount of material already present. For detailed 
argumentation the reader is referred to chapter VI. 
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IND RO DwUiCitOIN 


In 1949 Miss SreHouweER studied the behaviour of the nudibranch- 
iate slug Aeolidia papillosa (L.), which normally feeds on the sea 
anemone Metridium senile (L.). She tried to find out whether it can 
locate its prey by scent, and, if so, whether, it is also attracted by other 
species of anemones. She observed that Aeolidia is more strongly attract- 
ed by Metridium senile than by some other species studied, but it re- 
mained an open question to her whether quality or quantity of scent 
causes this difference. 

Hoping to get a somewhat broader base for further work in this 
direction the experiments were extended in two ways: 

1. by studying the behaviour of Acolidia papillosa in relation to some 
other species of Coelenterates; 

2. by investigating the reaction of another nudibranch species in order 
to make a comparison between the latter and Aeolidia papillosa pos- 
sible. 

The work was carried out at the Zoological Station, Den Helder, 
between the middle of May and the middle of October, 1951. We are 
very grateful to Dr J. VERwey, Director of the Station, for suggesting 
the subject and for his assistance in the drafting and translation of this 
paper; to Ir J. J. Bezem, Zoological Laboratory of Utrecht Univer- 
sity, and to Dr J. WESTENBERG, Zoological Station, Den Helder, for 
their assistance in statistical matters; to Mr A. C. H. van LizsHout, 
Commissioner of Pilotage at Den Helder, who gave us many facilities 
for obtaining animals from buoys; and, finally, to Mr C. SwEnneEN, 
Den Helder, whose knowledge of nudibranchs and constant help in 
obtaining material were unsurpassed. 


Il. MATERIAL AND METHODS 


Unpublished observations by SwWENNEN show that some 25 species of 
nudibranchs have been found near Den Helder. There seemed ample 
opportunity, therefore, to extend the work already started to more 
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species. With such experiments, however, in which large numbers of 
specimens are needed, it is very difficult to find sufficient material 
of any one species over a period of several months. Most of the species 
are found only occasionally, several of them may be very common in 
certain years, but altogether wanting in others, some species are less 
suitable because of their small size or because they are difficult to 
keep. We tried to work with Tergipes despectus (Johnston), which was 
common in early summer, but it is so small that too much time is need- 
ed to clear the hydroids (used in the experiments) of their slugs and 
this constitutes a great drawback. 

After some failures the work was restricted to Aeolidia papillosa (L.) 
and Catena aurantia (A. & H.), whereas a few observations were made 
on Dendronotus frondosus (Ascanius), which, however, needed lower 
temperatures than we could offer. 

Aeolidia papillosa was collected in the immediate neighbourhood of 
the coast near Den Helder. Cratena aurantia was collected from hydroids 
dredged in the Nieuwediep, later on from buoys, regularly controlled 
by an inspection vessel of the Hydrographic Service. These furnished 
us with abundant material of nudibranchs. 

The hydroids and anemones used were collected in the Nieuwediep 
(especially on mooring-rafts) and along the shore, later on especially 
from buoys. Inevitably the hydroids were always slightly damaged 
in collecting. Moreover, in our experiments, Tubularia always lost its 
hydranths; as far as we could make out this did not influence the 
results; under natural conditions Cratena aurantia was always found on 
its hydrocaulus, mostly on the base of the latter. 

The method used in testing the slugs was in principle the same as 
that used by Miss SreHouwenr, and for a good understanding her de- 
scription should be consulted. Sea water from the circulation system of 
the Station flowed via an aquarium with constant level into two small 
aquaria, one containing a certain Coelenterate species, the other serv- 
ing as a check. The water from both aquaria was conducted through 
plastic (polyvinylchlorid) siphons with an inner diameter of 15 mm to 
a third aquarium containing slugs. The slugs, if attracted, would pass 
the siphons and accumulate in the Coelenterate aquarium. To this 
end, current velocities in the siphons had to be small. Miss StEHouUWER 
in her experiments placed the siphons close together. We placed them 
at opposite sides of the aquarium in the assumption that there might 
be a better concentration gradient then, which would make it easier 
for the slugs to find the right siphon. No observations were made to 
test this assumption, however. 

The number of slugs used in any one experiment depended on the 
number of specimens available at that moment and on other factors. 
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If possible, enough experiments were carried out so that the results left 
no doubt as to the validity of the answer. 

Each experiment lasted 24 hours, after which period the number of 
slugs in each of the three aquaria was counted. The numbers are given 
in the tables. From them the totals for a whole series of experiments 
have been counted. It should be realized, however, that most animals 
were used several times in succession. The totals therefore refer to total 
numbers of single observations, and not to totals of animals. 

The degree of attraction, exercised by a certain Coelenterate species, 
is given by the relation between the number of slugs found with the 
Coelenterate and the total number of slugs used. This percentage is 
compared with that of slugs found in the control aquarium. Thus we 
can say that Cratena aurantia is strongly attracted by Tubularia indivisa, 
since more than 80 % of all animals tested reached the hydroid, where- 
as only 1% reached the control aquarium. 

When these same percentages are used, however, to compare the 
attractive force of different Coelenterate species a difficulty arises. The 
value of the percentages depends on the number of active slugs. The 
inactivity of slugs, however, may be due to two causes: 

1. to the fact that for some reason they are quite unresponsive; 
2. to the absence of the adequate stimulus which evokes a reaction. 

In all cases, therefore, in which slugs were not attracted by a cer- 
tain Coelenterate species, a control experiment had to be carried out 
with another species, the preference of which had been shown to exist 
in former experiments, in order to see whether the slugs did take the 
latter. In all such cases the result was positive, so that we may be sure 
that negative results were never due to true inactivity of the animals 
in question, but to inadequateness of the stimulus. 

This being the case, we are more or less allowed to use the percent- 
ages obtained for a comparison of the different Coelenterate species. 
If 60% of Cratena is found to be attracted by Tubularia larynx and 80% 
by Tubularia indivisa and these percentages are the same in different 
series of experiments we are inclined to attach much value to this 
difference. It should always be remembered, however, that inactivity 
as such may change from moment to moment and that the figures can 
never be considered absolute. 

It should be added that in our first experiments the slugs received 
no food during the 24 hours prior to the experiments. It was found, 
however, that the same results were obtained when the animals did 
get food during this period. In our later experiments, therefore, food 
was no longer withheld. 


A similar method as that used by Miss SreHouwER and us was used by D 
DAVENPORT (1950), who studied the attraction exercised by certain échinoderms 
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on their polychaete commensals of the genus Arctonoé. Davenport, however, kept 
his echinoderms (to be compared with our anemones) for some time in stagnant 
seawater. He then transferred the water with echinoderms to the aquarium of his 
test-apparatus. This was done in the hope that the scent might accumulate in the 
water to be tested. This forms an unnecessary complication: the waterlevel in the 
aquaria went down during the experiments, the current velocities changed and the 
experiments could not be continued for longer periods. Davenport, moreover, let 
his animals choose in a rather narrow forked glass tube, in which both kinds of 
water (with and without scent) mixed, with the result that part of his animals were 
easily led astray. It is certainly much better to give the animals an aquarium in 
which both kinds of water mix, so that there is a concentration gradient like we 
gave to Aeolis. Davenport’s method has apparently been developed on the assump- 
tion that an accumulation of scent emitting substance would be required for a 
definite attraction. Our experiments, however, appear to refute this view. 


III, EXPERIMENTS 


i. AFOLIDIA PAPILLOSA (ia) 


Miss STEHOUWER tested the behaviour of this species in relation to 

Metridium senile (L.), Diadumene cincta (Stephenson), Actinothoe anguicoma 

(Price) [possibly mixed with Sagartia troglodytes (Price)], and Tealia 

felina (L.). These experiments were extended by us by testing the 

following species: 

A. Actiniaria: Metridium senile (L.), Actinia equina L. 

B. Hydroidea: Tubularia indivisa L., T. larynx Ell. & Sol., Laomedea 
flexuosa Alder, L. longissima (Pall.), and Hydractinia echinata (Flem.). 
The reactions of Aeolidia papillosa to Metridium senile have been stud- 

ied by Miss SreHouWER, so that there was little need to study them 


TABLE I 


Behaviour of Aeolidia papillosa in relation to Metridium senile. Control on the negative 
behaviour of Aeolidea in relation to Laomedea flexuosa (see table VIII). The 3 rows of 
figures denote numbers of Aeolidia. 


aes Been Metridium senile Control No reaction 
I. 22 6 fe) 19 
Bo 22 iy) fe) 8 
oe 22 9 O 15 
4. 23 13 fe) 1 
5: 23 12 te) iV 
O. 24 Il ) 14 
Gh. 25 12 ) 12 
8. 25 II ) 13 
Oye 25 4. ) Ql 
el ote ie (cits rs 95 te) 126 


° 


IRSICE MAIS 5 43.0 
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again. To be certain, however, of the value of negative results, those 
animals, which had failed to show a reaction to some species of hy- 
droids, were afterwards confronted with Metridium senile. In this way 
data on the slug’s behaviour in relation to Metridium senile were obtain- 
ed, which corroborate Miss StEHOUWER’s results. 


A. Actiniaria 
1. Metridium senile (L.). 3 series of g-10 experiments each were carried 
out with Metridium senile of about 2-3 cm diameter. These three series 


at the same time served as checks on the results obtained for Laomedea 
flexuosa, L. longissima, and Tubularia larynx. For results see tables I-III. 


TABLE II 
Aeolidia papillosa in relation to Metridium senile.Control on the negative behaviour of 
Aeolidia in relation to Laomedea longissima (table IX). The 3 rows of figures denote 
numbers of Aeolidia. 


Prete hitless Metridium senile Control No reaction 
fi 26 12 fe) 12 
2. 26 15 I 8 
3. 26 14 oO Il 
Ae D5) i133 O Tat 
5. 27, 14 I 19 
GE 28 7 oO 18 
Te 29 4 Oo 20 
Sie 29 5 0) 19 
© yates, tte races «23 29 8 fe) II 
otal Gamers. yee g2 2 129 
Percentage .. 41.3 0.9 
TABLEIII 


Aeolidia papillosa in relation to Metridium senile. Control on the negative behaviour of 
Aeolidia in relation to Tubularia larynx (table VII). The 3 rows of figures denote 
numbers of Aeolidia. 


Number of Date 


experiment (September) Metridium senile Control No reaction 
I II 10 fo) 8 
2 13 3 I OT 
3 15 3 2 20 
4 16 6 I 18 
5 18 9 re) 14 
6 18 7} (e) 17 
i, 20 7 oO 16 
8 20 12 fe) 10 
OSs eh ain ree Bit ie) fe) 15 
LOM em gt eee re QI 9 fe) 15 
Total O16 pe 66 76 4 I 54 
iRercentagen a 3.2.5 hey] 
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The result of these 3 series is that in 28 experiments with a total of 678 
observations, 43.0, 41.3 and 32.5°% of the animals were attracted to 
Metridium and 0, 0.9 and 1.7% to the aquarium without anemones. 
The average percentages are 39.0 and 0.9 respectively. The figure 
39.0% is lower than the 52° found by Miss SreHouwerR, but we 
need not expect the same values in experiments in which so much may 
depend on the activity or sluggishness of the animals. In Miss Str- 
HOUWER’S series, moreover, damaged anemones may have been includ- 
ed, which would make much difference (see below). 


2. Actinia equina L.. With this species one series of 12 experiments was 
made, the results of which are shown in table IV. 


TABLE IV 


Aeolidia papillosa in relation to Actinia equina. 


Number of Date 


experiment (SepuwOce) Actinia equina Control No reaction 
Le 29 7] I 6 
DR 29 8 oO 15 
BiG 29 15 fe) 4, 
Ay os 30 2p O 5 
5s 30 8 oO Il 
Gis: 30 I fo) 19 
> I 10 fo) 14 
Sas I 8 I 10 
9 I 9 I 10 
IO 2 20 2 5 
II by) 6 fe) Tl 
oR aie eee D) 8 I Il 
otal 6) yee: 133 6 I2I 
Percentage .. 51.2 PAB) 


It is clear that Actinia equina attracts Aeolidia rather strongly. The per- 
centage of slugs found with the anemone is not exact, however, because 
of the presence of damaged anemones. During the experiments the 
slugs started feeding on some of the Actinza and the wounded anemones 
caused an extra-attraction of slugs. The same was the case in Miss 
STEHOUWER’s experiments with Aeolidia papillosa and Metridium senile. 
To prove this influence the results for undamaged and damaged Actinia 
are given separately below. 

Table V shows that it makes much difference whether Actinia equina 
is damaged or not, a point which is treated in more detail in the adden- 
dum to this paper. It is therefore certain that the percentage of 51.2 
found in table IV cannot be compared with the average percentage 
found for Aeolidia and Metridium senile, which amounted to 39. The latter 
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percentage can best be compared with the percentage of 38.5 found 
for undamaged Actinia equina in table V. 

Furthermore, when slugs start feeding on anemones it is possible 
that a stronger attraction is supplied to the other slugs and in this 
inconspicuous way the results of the experiments may be influenced. 

Anyhow, the experiments show that Actinia equina attracts Aeolidia 
papillosa rather strongly and that there is apparently much agreement 
between the attractiveness of Actinia and Metridium. 


TABLE V 


Aeolidia papillosa in relation to undamaged and damaged Actinia equina. 


Aeolidia-numbers Total Percentage 

2 Actinia, Actinia Sano eG. oO 30 38.5 

undamaged Control On =O) ale LO. I 1.3 
No reaction [50 ht TOM tT 47 

2 Actinia, Actinia Tel) a Onn 50 48.5 

one undamaged, Control ii Oi SX) 3 2.9 
one damaged No reaction QD mh iO mi 16) 50 

2 Actinia, Actinia 235 O20 53 67.1 

both damaged Control G OO 2 2.5 
No reaction 5 14 5 24 


B. Hydroidea 


1. Tubularia indivisa L. A series of 9 experiments was carried out with 
Tubularia indivisa. Its results are given in table VI. 


TABLE VI 


Aeolidia papillosa in relation to Tubularia indivisa. 


ae ona es Tubularia indivisa Control No reaction 

E 7 I 4 21 
2 7 4 O 22 
8} 7 2 I Il 
4 8 2 3 27 
5 8 3 3 14 
6 8 fe) fe) 12 
7 9 2 3 23 
8. 9 2 2 15 
9. 9 I fe) 10 
Total . 17 16 155 
Percentage 9.0 8.5 


* Therefore, the method was somewhat changed in later experiments, so that the 
slugs could no longer feed on the anemones. 
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Since comparable numbers of slugs are found in both the Coclenterate 

and the control aquarium the experiments do not prove that Aeolidia 

is attracted by Tubularia indivisa. The rather high number of slugs 

ee in the control aquarium is a strange fact, to which we return 
elow. 


2. Tubularia larynx Ell. & Sol. A series of 10 experiments was made with 
Tubularia larynx. The results are given in table VII. 


TABLE VII 


Acolidia papillosa in relation to Tubularia larynx. 


Number of Date 


experiment (Seprennen) Tubularia larynx Control No reaction 
I 10 I 3 6 
2 12 I i 15 
3 14 I 2 22 
4 15 2 I 22 
5 ry O fe) 25 
6 V7 I Oo 24 
7] tae) I fe) 22 
8 19 oO (e) 22 
9 20 O I 20 
IO 20 oO I 19 
iota la) eer Gi 9 197 
Rercentace) i one 4.2 


The slugs used in this experiment were afterwards tested with Metri- 
dium senile; 32.5°% of them reacted positively on that species (see 
table III). It is clear, therefore, that the low percentage in the case 
of Tubularia larynx must be due to the fact that Aeolzdia is not attracted 
by this hydroid. 


3. Laomedea flexuosa Alder. 9 experiments were made to test the reaction 
of Aeolidia to Laomedea flexuosa, a species which is rather common in 
the Nieuwediep. The results are given in table VIII. 

The slugs were afterwards tested with Metridium senile (compare table 
I). Since 43.0 % of them reacted positively on that species, the negative 
result with Laomedea is beyond doubt. In view of this fact it is interesting 
that the value for the hydroid is even lower than that for the control 
aquarium, a point to which we shall refer below (p. 251). 


4. Laomedea longissima (Pall.). A series of 9 experiments was carried out 


with this species, compare table IX. 
The slugs were afterwards tested with Metridium senile (see table II). 
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As 41.3% of them reacted positively on that species it 1s clear that 
Laomedea longissima does not attract Aeolidia. Here also it is striking that 
the control aquarium attracts more slugs than the hydroid. 


TABLE VIII 


Aeolidia papillosa in relation to Laomedea flexuosa. 


Number of Date 


Laomedea flexuosa Control No reaction 

experiment (September) 4 
iP QI fe) fe) 25 
Oe QI fo) I 24 
om QI I 2 QI 
Hho 29 fe) 3 22 
5 22 2 I 21 
On 23 (e) I 24 
wie 24 O 9 21 
9) 8 24 I I 22 
Or: 24 fo) fo) 25 
Ota alter 4 12 205 
Percentage .. 1.8 5-4 

TABLE IX 
Aeolidia papillosa in relation to Laomedea longissima. 

Number of Date Laomedea longissima Control No reaction 

experiment (September) 
I 25 I 2 Bo 
2 25 fe) I De 
3} 25 oO t 24 
4 26 te) I 23 
5 26 2 I 2 
6 27 ) 2 23 
7 28 I oO 23 
8 28 fe) 2 22 
9 28 I fo) 18 
Rotaliew mesa 5 10 199 
Percentage = PEO 4.7 


5. Hydractinia echinata (Flem.). Near Den Helder this hydroid is espe- 
cially found on Gastropod shells inhabited by the hermit crab (Eupa- 
gurus bernhardus). Aeolidia papillosa will, therefore, rarely get an oppor- 
tunity to feed on it. A series of 9 experiments was carried out with it 
(table X). The result is negative and it is therefore to be regretted that 
a control experiment with Metridum senile was omitted in this case. In 
view of the positive result of all the other control experiments made, 
however, we assume that Aeolidia is not attracted by this hydroid. 

It is interesting to find that here again the value for the control 
aquarium is somewhat higher than that for the hydroid. 
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TABLE X 


Aeolidia papillosa in relation to Hydractinia echinata. 


Number of Date aes A 

experiment (October) Hydractinia echinata Control No reaction 
I 3 fe) ie) 24 
2 3 oO (6) 21 
3 3 ) 5 18 
4 4 fo) 2 26 
5 4. 2 2 19 
6 4 I I 20 
7 5 3 I 26 
S 5 I I 22 
©) © 5 I 0 Ls 
otal esi: 8 12 1gI 
Rencentag eam = 3.8 5.7 


Summarizing the results for the behaviour of Aeolidia papillosa in 
relation to the hydroids tested we see that the numbers of slugs are not 
greater in the hydroid than in the control aquarium. It is rather the 
contrary that occurs. Most of the percentages for the control aquaria 
are somewhat higher than those for the aquaria with hydroids and the 
impression is gained that the hydroids may have repelled the slugs 
more or less. This might especially hold good for the Laomedea species. 
Our hope that statistical treatment might give certainty in this respect 
proved idle, however, as follows from the contents of the addendum 
at the end of this paper. 

There cannot be the least doubt that Aeolidia papillosa is attracted 
more strongly by sea anemones (especially Metridium and Actinia) than 
by hydroids. 


2, CRATENA AURANTIA (A. & H.) 


Cratena aurantia is a rather small nudibranchiate slug (about 10-12 mm 

long), which lives on Tubularia. The behaviour of this species in rela- 

tion to the following Coelenterate species was tested: 

A. Actiniaria: Metridium senile (L.), Diadumene cincta (Stephenson), 
Actinothoe anguicoma (Price), Sagartiatroglodytes (Price), Actiniaequina L. 

B. Hydroidea: Tubularta indivisa L., T. larynx Ell. & Sol., Laomedea 
flexuosa Alder, L. longissima (Pall.), and Hydractinia echinata (Flem.). 


A. Actiniaria 


1. Metridium senile (L.). One series of 3 experiments was carried out 
with Metridium, the results of which are given in table XI. 
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TABLE XI 
Behaviour of Gratena aurantia in relation to Metridium senile. 

Number of Date Metridium senile Control No reaction 

experiment (July-August) 
Goce ee ae Oe QI oO fe) 50 
ue 5 fe) oO 50 
On 7 fo) fe) 24 
orca, Se onglo: women fe) fe) 124 
Percentage.) - (e) o) 


To exclude the possibility that Cratena would have shown no reaction 
because it was not in good condition, the same animals were tested 
wirh Tubularia larynx, on which species 53.3% of the animals reacted 


positively (compare table XXII). 


2. Diadumene cincta (Stephenson). One series of 3 experiments was car- 


ried out with Diadumene, see table XII. 


TABLE XII 


Behaviour of Cratena in relation to Diadumene. 


Number of Date 


experiment (July-August) Diadumene cincta Control No reaction 
Tare ase ees 31 0) ) 50 
Deen the te Sm 5 ) ) 50 
Ome meen: wigan 5 Oo Oo 24 
MRotallioe oe fo) ) 124 
iPercentases e.. fe) fe) 


These experiments were not followed by a control experiment with 


Tubularia. 
TABLE XIII 
Behaviour of Cratena in relation to Actinothoe. 

Number of Date ‘ F 

experiment (Aucesent) Actinothoe anguicoma Control No reaction 
Tog: 133 fe) fe) 25 
Oe 16 I fe) 39 
Re 18 fo) fo) 25 
ae I fe) fe) 30 
Oe I fe) e) 25 
on 2 oO fe) 37 
Totalpaiucs|e ee I fe) 181 
Percentage .' . 0.5 fe) 
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3. Actinothoe anguicoma (Price). One series of 6 experiments was carried 
out with Actinothoe. The results are given in table XIII. 

The experiments were followed by a control experiment with Tubularia 
larynx, which gave positive behaviour in 61.8% of the animals tested 


(table XXIII). 


4. Sagartia troglodytes (Price). One series of 4. experiments was carried 
out with Sagariza troglodytes. The results are shown in table XIV. 


TABLE XIV 


Behaviour of Cratena in relation to Sagartia troglodytes. 


Number of Date 


experiment (September) Sagartia troglodytes Control No reaction 
Thc 5 O O 3S 
2. Il oO oO 25 
Co ALAS. oe On eae eo 13 Oo Co) 20 
A a ere piss 15 fe) ce) Oa) 
potaleaeee re oss fe) fe) II2 
iPercentage y : (e) ) 


After that, a control experiment with Tubularia indivisa was made. 
This gave positive behaviour in about 80 % of the animals tested (com- 
pare table XVII). 


5. Actinia equina L. A series of 8 experiments was carried out with 
Aciinia equina, one of the two species which gave fine positive results 
with Acolidia papillosa. With Cratena the result was entirely negative, see 


table XV. 


TABLE XV 


Behaviour of Cratena in relation to Actinia equina. 


ee GeO) Actinia equina Control No reaction 

ii 18 (e) fe) 25 
Om. 18 (e) fe) 12 
Bs 19 fe) oO 25 
vg 19 oO fe) 25 
es 19 Ce) I II 
6. eT fo) (6) 23 
ae 8 ) Co) 25 
oe 9 fe) ce) 25 
Total . co) I 171 
Percentage fe) 0.6 


After this result had been obtained, a control experiment with Tubu- 
laria indivisa was made, which gave positive behaviour in about 78 % 
of the animals tested (table XVIII). 
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B. Hydrowdea 


1. Tubularia indivisa L. A series of 9 experiments was carried out with 
Tubularia indivisa. The latter species, moreover, was tested to check 
the negative results obtained for Sagartia troglodytes, Actinia equina, Lao- 
medea flexuosa, and Hydractinia echinata. In this way results for 5 series, 
comprising 24 experiments and dealing with a total of 689 observa- 
tions, have been obtained. The results are given in tables XVI-XX. 


TABLE XVI 


Behaviour of Gratena in relation to Tubularia indivisa. 


Number of Date 


experiment Csagust) Tubularia indivisa Control No reaction 

iia 20 29 I 8 
on 20 30 fe) 6 
Bc QI 27 0) 6 
Ab 6 QI 25 (a) 4 
5° 22 35 & 3 
6. 24 34 @ 3 
oh 25 25 fe) 6 
(8) 27 23 2 3 
G) 28 17 0) 2 
Motaliey on ee a os 245 3 41 
Percentage . . 84.8 1.0 


TABLE XVII 


Behaviour of Cratena in relation to Tubularia indivisa. Control on the negative 
behaviour of Cratena in relation to Sagartia troglodytes (see table XIV). 


Number of Date 


Pee nes (September) Tubularia indivisa Control No reaction 
ERRCOe past at a 6 24 I 6 
bile saree Crh Se 8 12 20 I 3 
oe eas Bear 14 17 ) 2 
shotall Rava % = 4 61 Q iit 
Rercentasemn. 82.4 Peg 


In the experiments mentioned in table XTX the Tubularia indivisa used 
was in very bad condition. We therefore believe this may have been 
the cause of the rather low percentage of attraction. 

It follows from tables XVI—XX that Cratena is attracted by Tubularia 
indivisa in about 84, 80, 78, 61.5 and 82.5% of the total number of 
animals tested in each of the five series. Altogether, 689 observations 
have been made, of which 564 were positive, whereas the controls 
gave a total of 9. This means that Cratena was found with Tubularia 
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TABLE XVIII 


Behaviour of Cratena in relation to Tubularia indivisa. Control on the negative 
behaviour of Cratena in relation to Actinia equina (see table XV). 


Number of Dat eet 

experunient (Sesenstees) Tubularia indivisa Control No reaction 
ge 19 QI (e) 4 
Dg 19 rT e) I 
By o 20 18 o) 3 
Ale 20 17 (a) 3 
5 20 5 I 4. 
Ox 22 13 co) 7 
jlotalas ss sae 85 I 22 
Percentage .. 78.7 0.9 


TABLE XIX 


Behaviour of Cratena in relation to Tubularia indivisa. Control on the negative 
behaviour of Cratena in relation to Laomedea flexuosa (see table XXIV). 


Numb f PAS 

Od een Tubularia indivisa Control No reaction 
Ds 21 12 ) 3 
Qo 23 6 0) 2 
Bee bse ae ae 25 7 re) 7 
Hil, C8 ede ee ic By by I 4 
HRotal ais 6 3% 30 I 16 
Rencenmtagse, as 63.8 Q.1 

TABLE XX 


Behaviour of Cratena in relation to Tubularia indivisa. Control on the negative 
behaviour of Cratena in relation to Hydractinia echinata (see table XXVI). 


Number of Date 


experiment (September) Tubularia indivisa Control No reaction 

iva 5 29 I 6 

De 6 Re Co) 5 

on II 30 fe) 4 

4. At 31 i 7 

Fe 15 20 te) 4 
Potala ta. 143 2 26 
iRencentace sare 83.6 1.2 


indivisa in 81.9%, whereas it was found in the control aquarium in 
only 1.3% of the single observations. More than 80% of the total, 
therefore, reacted positively to the hydroid. If the results given in 
table XIX are omitted because of the bad condition of the Tubularia 
used, the latter percentage amounts to 82. 
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2. Tubularia larynx Ell. & Sol. A series of 18 experiments was carried 
out with Tubularia larynx. Moreover, this species was used to control 
the negative results obtained with Metridium senile and Actinothoe an- 
guicoma. In this way 25 experiments dealing with 535 observations were 
made. The results are given in tables XXI-XXIII. 


TABLE XXI 


Behaviour of Gratena in relation to Tubularia larynx. 


Number of Date 


expesinent (June-July-Aucust) Tubularia larynx Control _ No reaction 
I 30 3 (e) 9 
2 30 2 fe) 13 
3 30 7 I 7 
4 I 10 (e) 5 
5 I 8 fe) 7 
6 g 12 Ce) 3 
Zi 3 12 io) 3 
8 5 5 fe) 10 
9 5 I fo) 14 
10 8 6 oO 3 
II 8 9 fe) 5 
12 I2 Il (e) 4. 
13 12 IO fe) 5 
14 26 4 ) 6 
15 26 6 fe) 4 
16 27 24 oO 14 
17 27 24 3 ae) 
18 12 16 O 9 
‘Total. @ a3 170 4 134 
iRercentascmmrnrs 55-2 1.3 


TABLE XXII 


Behaviour of Cratena in relation to Tubularia larynx. Control on the negative behaviour 
of Cratena in relation to Metridium senile (see table XI). 


Number of Date 


experiment (August) Tubularia larynx Control No reaction 
Tees: fea I 24 I 23 
Oi Be Det ee Sn acic 6 25 Ce) 24 
3. & 8 8 15 I 7 
Po tallies caycmee 64 2 5A 
Percentage .. 53-3 Te 


These experiments show that in the 3 series studied Tubularia larynx 
attracted 55.2 ,53.3 and 61.7% of the animals tested, whereas the 
water without Tubularia got 1.3, 1.7 and 0.9%. Altogether, 535 obser- 
vations have been made and these gave 300 times Tubularia larynx 
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TABLE XXIII 


Behaviour of Cratena in relation to Tubularia larynx. Control on the negative behaviour 
of Cratena in relation to Actinothoe anguicoma (see table XIII). 


Number of Dat . 1 . 

Sener (Aisin Ses Ceabes) Tubularia larynx Control No reaction 
ii 14 18 o) 7 
QD « 109 16 te) 14 
3. 19 12 oO 9 
ah 3 20 I 10 
potallls es aers vy 66 I 40 
Percentage, 61.7 0.9 


against 7 times the control aquarium without Tudbularia, i.e., 56.1 
against 1.3 °/. Apparently, there is a distinct preference for Tubularia 
indivisa compared with T. larynx, T. indivisa yielding a percentage of 
more than 80, T. larynx one of about 55°%. This point is statistically 
treated in the addendum to this paper. 


3. Laomedea flexuosa Alder. This species was tested in one series of 8 
experiments, the results of which are given in table XXIV. 


TABLE XXIV 


Behaviour of Cratena in relation to Laomedea flexuosa. 


Number of 


er seauieat Mhoce Oct.) Laomedea flexuosa Control No reaction 

an 15 ) Ce) 16 
2. 20 e) fe) QI 
ou 22 e) fe) 10 
Ale 24 fe) fe) 16 
5. 26 fo) I litt 
6x 4. fe) fe) 35 
Fhe 5 fo) fe) 46 
oe 7 o 0 25 
shotallee, ook fe) I 180 
Percentage . . o 0.6 


A control experiment was made with Tubularia indwisa. This gave a 
positive reaction for 63.8% of the animals (compare table XIX). It 
is therefore certain that Cratena is not attracted by Laomedea flexuosa. 


4. Laomedea longissima (Pall.). A series of 11 experiments was carried 
out with Laomedea longissima. The results are given in table XXV. 

The results create the impression that now and again Craiena reacts 
positively to Laomedea longissima. We believe, however, that the partly 
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TABLE XXV 


Behaviour of Cratena in relation to Laomedea longissima. 


Number of Date Tubularia larynx Control No reaction 
experiment (July) 
ere Tal O e) 15 
oa II fe) (e) 15 
Be 14 o) I 8 
ue 14 4 0) 6 
Be is 14 o) fo) IO 
Cnr 14 2 fe) 8 
hc 16 6 fo) 9 
3 16 to) O 15 
9 16 5 (e) 10 
10 18 oO fe) 10 
igit 18 I fe) 9 
12 Ye. I fo) 14 
13 28 fo) 0) 39 
14 29 I 2 47 
15 30 I 2 54 
WRotaleay seer QI 5 269 
Rercentagemarnr Feit 19 


positive results may be due to the presence of fragments of Tubularia 
larynx in the Laomedea colonies. When these experiments were carried 
out, Tubularia larynx began to replace Laomedea longissima on the rafts. 
Quite small specimens of Tubularia larynx then regularly occurred 
within the colonies of Laomedea, and though we did our best to remove 
them fragments may have been overlooked. This possibility is excluded 
in the case of Laomedea flexuosa, since the latter was collected in places 
emerging at low tide, where Tubularia larynx does not occur. 


5. Hydractinia echinata (Flem.). A series of 6 experiments was made with 
Hydractinia echinata. Its results are given in the next table. 


TABLE XXXVI 


Behaviour of Cratena in relation to Hydractinia echinata. 


sees aes Hydractinia echinata Control No reaction 

I 2 oO I Co) 
‘ 4 : 1 37 
3 5) I I 37 
4 oe o 0 35 
5 13 0) 0) 39 
6 14 I fe) 25 
Total . 4. 3 210 
Percentage 1.8 er 
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A control experiment was made with Tubularia indivisa, which attract- 
ed 83.6% of the Cratena, whereas the control attracted 1.2 %/, (compare 
table XX). It is clear, therefore, that the slug is not attracted by H)- 
dractinia echinata. 


3. DENDRONOTUS FRONDOSUS (ASCANIUS) 


The third species of nudibranchiate we worked with was Dendronotus 
frondosus, a northern form, which did not thrive in our aquaria. More- 
over, it is rather uncommon near Den Helder, so that only very few 
experiments could be made. These were concerned with Tubularia 
larynx and not too much value should be attached to them, since the 
slugs were not very active. 


TABLE XXVII 


Behaviour of Dendronotus in relation to Tubularia larynx. 


leer ae Tubularia larynx Control No reaction 
Kin re 30 4 e) 5 
Oe 2 5 to) 5 
By . 2 6 fe) 4 
4 . 4 I Oo II 
Bk « 4. fe) fo) II 
6:ee 8 fe) (e) II 
Tec 8 I fo) 10 
Bc me) 2 fo) 10 
9 10 3 ie) 9 
10 12 fe) fe) 12 
red 12 I fe) II 
12 13 fo) (e) 12 
nGy ¢ 13 fe) fe) 12 
igh 16 8 I 4 
NOTA Rep rst jeer cs 31 I 127 
Rencentaccum ar 19.5 0.6 


These experiments only show that Dendronotus is attracted by Tubularia 
larynx. 


IV. GENERAL CONCLUSIONS 


The results obtained for Acolidia papillosa and Cratena aurantia are sum- 
marized in table XXVIII. The figures denoted with an asterisk have 
been taken from Miss SrEHOUWER ’s publication. 

This comparison shows that Aeolidia papillosa is chiefly attracted by 
Metridium senile and Actinia equina, whereas Cratena aurantia is attracted 
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TABLE XXVIII 


Behaviour of Aeolidia and Cratena in relation to all species of 
Coelenterates investigated. 


Aeolidia Cratena 

Coelenterate Control Coelenterate Control 
Metridium 39 0.9 fe) fe) 
Diadumene 14} ie e) fe) 
Actinothoe g! o}! 0.6 oO 
Sag. troglodytes — — fe) oO 
Tealia oe 1-2! — - 
Actin. equina 38.4 Jas oO 0.6 
Tub. indivisa 9. 8.5 81.9 1:3 
Tub. larynx 3.3 4.1 56.1 1.3 
Laom. flexuosa 1.8 5.4 o) 0.6 
Laom. longissima 2.3 4.6 Wee ity) 
Hydract. echinata Bei] 5.6 1.8 1.4 


1 SwENNEN found indications that Aeolidia papillosa shows a different preference for Actinothoe unguicoma and 
Sagartia troglodytes. Since specimens of the latter species may have been among the Actinothoe used by Miss 
STEHOUWER her results obtained with Actinothoe should be considered with caution. — In our own experiments 
we took care to separate the two species well. 


by Tubularia indivisa and T. larynx. Miss SreHouweR, finding that 
damaged anemones attract more Aeolidia than undamaged ones, won- 
dered whether quality or quantity of scent would play a part. Our 
data, obtained from two species of slugs studied under analogous con- 
ditions, show that quality of scent is apparently quite important. We 
may assume that only in this way can the fact be explained that Metr- 
dium attracted 39% of the Aeolidia studied and none of the Cratena. It 
follows from Miss StEHOUWER’s data on Metridium senile and ours on 
Actinia equina, however, that quantity of scent is also important. 

Further, the results for Aeolzdia papillosa are interesting for two rea- 
sons. We may expect that the nudibranchs innately react on the scent 
of those Coelenterate species which represent their normal food and 
that species on which they do not feed are not incorporated in their 
reaction mechanism. One would therefore expect that there are attrac- 
tive and non-attractive scents. Miss SrEHOUWER has found, however, 
that some anemone species attract Aeolidia more strongly than others 
and that there is apparently such a thing as a gradation in attractive 
force. Further, our own figures show that some hydroids may even 
repell Aeolzdia. 

Gradation in attraction also comes to the fore in the results for 
Cratena aurantia. To this species, Tubularia is probably the only hydroid 
genus of importance, but of the two species studied 7. indivisa attracts 
Cratena more strongly than does T. larynx. There must, therefore, be a 
gradation in the adequateness of the stimulus. In this connection it 
would be interesting to find out what chemical compound may be 
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made use of in the inborn reaction mechanism of the slug. A similar 
question has been worked out by Miss WREDE (1927) for the relation 
between Glossosiphonia and the snail Physa. 

As to the second point, Cratena aurantia is apparently not repelled 
by any of the hydroids tested; the control aquaria always yield very 
low figures. Assuming that hydroids do repel Aeolidia the results would 
show that Aeolidia is attracted by some species of anemones and repelled 
by some species of hydroids, whereas Cratena is attracted by some 
species of hydroids and not repelled by other Coelenterate species. 
Attraction of one and repelling of another slug species would therefore 
not necessarily be caused by the same compounds. 

For statistical treatment of some of the data the reader is referred to 
the addendum. 


V. SUMMARY 


The paper deals with the reaction of some species of nudibranchiate 
slugs to the scent given off by different species of sea anemones and 
hydroids. 

Aeolidia papillosa is strongly attracted by two species of anemones 
(out of 5 species studied) and possibly repelled (at least not attracted) 
by 5 species of hydroids, whereas Cratena aurantia is attracted by 2 
species of hydroids and not by the other 3 hydroid and the 5 anemone 
species studied. 

The results of all experiments are summarized in table XXVIII. 
The species innately react to the scent of those Coelenterate species, 
which represent their normal food, and species on which they do not 
feed are not incorporated in their reaction mechanism. There are at- 
tractive and non-attractive scents. It was found, however, that Aeolzdia 
papillosa is also more or less attracted by the 3 anemone species on which 
it feeds more or less exceptionally, and that Cratena aurantia, which 
feeds on 2 Tubularia species, is attracted more strongly by one of these 
than by the other. Apparently, there are different degrees of attraction 
and in this connection it would be important to study the scent emit- 
ting substance of the Coelenterate species used. 
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VII. ADDENDUM 


In order to test the reliability of the results statistical treatment was 
applied to some of the data.* 

First, we have applied the chi-squared test for independence of two 
variables in a 3 X 2 contingency table to the data given in table 
V (p. 248) concerning the attraction of Aeolidia papillosa (L.) by a set of 
Actinia equina L., of which none, one or two anemones were wounded 
respectively. The computation was carried out according to the follow- 
ing scheme: 


fia fie fis 
Aa Ba Ca 
MA Gign N WAG N GY N a 
tia tie tis 
f, 1 fo, fy, 
ee Ab ee Bb oul Cb b 
a <i eae, 253 N 
tes toe te,3 
: A B —— N 


In this scheme N represents the total number of observations; a, b, 
A, B and C are the marginal frequencies; fj; is the observed frequency 
in each class; Wj; is the expected class-frequency calculated from the 
marginal frequencies on the assumption that the number of damaged 
anemones in each set has no effect on the attraction of Aeolidia; t;; 


f, ;— 3 2 
sees je and x” by 2t;;. 


i,j 


The computation yields the following values: 


is defined by 


two undamaged one damaged two damaged 
Actinia Actinia Actinia 
Slugs found with Actinia fi = 30 ey == GO fg = 53 


Wi1 = 39-90 Wie = 52-64 Wis = 40.41 133 
oa = Peek) tr; = 0.14 ti,3-= 3-92 


Slug not reaching Actinia lio, Srghs line, == Re f,3 = 26 


Wa = 80clO) | 6Waiet 550-31 Wes = 38-59 127 
te1 = 2.57 nym == Osi) yg = Gipith! 


78 103 79 260 


1 We are indebted to Ir J. J. sezEmM (Zoological Laboratory, Utrecht) and to 
Dr J. WesTENBERG (Zoological Station, Den Helder) for their kind assistance in this 


matter. The methods finally applied were all recommended by Dr J. HEMELRYK, 
Mathematical Centre, Amsterdam. 


PREFERENCE OF SOME NUDIBRANCHS FOR COELENTERATES 263 


And, finally, 7? = 2.46 + 0.14 + 3.92 + 2.57 + 0.14 + 4.11 = 13.34. 

Considering two degrees of freedom we find P about equal to 0.001. 
This value clearly indicates significance, so that we are allowed to 
assume that Actinia’s exert their attraction on Aeolidia strongest when 
they are damaged. 


Secondly, we reconsidered our observations on the behaviour of Acolidia 
papillosa (L.) with respect to hydroids. The following data were extract- 
ed from tables VI to X, pages 248-251. 


Tubularia Tubularia Laomedea Laomedea Aydractinia 


indivisa larynx flexuosa longissima echinata 
Number of slugs 
reaching hydroids 17 7 4 5 8 
Number of slugs 
reaching control aquarium 16 9 12 10 12 


These figures seem to suggest that, once on the move, Aeolidia will 
tend to shun the hydroids. 

For each hydroid species the numbers of the above table have been 
tested by means of the so called signtest (W. J. Dixon and A. M. 
Moon, The statistical sign test. Journ. Amer. Stat. Assoc. 41, 556-566, 
1946). 

Application of this test did not reveal any satisfactory significance, 
so that repellent action of the hydroids has not been proved. 


Thirdly, we investigated whether the slug Cratena aurantia (A. and H.) 
makes any difference between the hydroid Tubularia indivisa L. and 
Tubularia larynx Ell. & Sol. 

The data in question were extracted from tables XVI to XXIII for 
Tubularia indivisa and T. larynx respectively. 


Tubularia indivisa: Positive reaction No reaction 
Aloe OVE, A gb 245 44 
Boe NAL aye re ois 6x 13 
eee UL ee 85 23 
Be, ae ee ae 30 9) 
Sg tip, ae chee re 143 28 
SPotaleveny. sees tyes ne 564 125 

Tubularia larynx: Positive reaction No reaction 
TAME SOs « 4 5 a « 178 138 
BS i ain 64 56 
SESS 66 I 


otal os onan ee 300 235 
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The chi-squared test can here be applied toa2 x 2 contingency table. 


Tubularia indivisa Tubularia larynx 


Positive reaction a= 504. fe ==2300 864 
No reaction fo. = 125 yg = RS 360 
Total 689 535 1224 


For a2 x 2 table y? can be computed from the formula 
(Leg Kt =f, 5 Oke oN 
abAB 
(564 x 235 — 125 X 300)? x 1224 
689 <x 535 x 864 x 360 


2 


This yields: 77 = = G5-04, 


Considering one degree of freedom we finally arrive at P < 0.001, so 
that we may conclude that Cratena distinctly prefers Tubularia indivisa 


to Tubularia larynx. 


The other data are so convincing that we refiained from further 


statistical treatment. 


TERRITORY AND THE 
EG OLA LON TO DE NUS Ryo Nett Mow 


by 


H. N. KLUYVER ann L. TINBERGEN 


Since the publication of Howarp’s ‘Territory in Bird Life’ the be- 
haviour aspects of territorial practice have been studied by many 
authors, but we are less well informed about its ecological significance. 
In particular, the presumed effect of territory upon density of popu- 
lation is still open to discussion. 

Though he does not say so in so many words Howarp (1920, p. 286) 
clearly assumes that for small passerines, territories have a minimum 
size beyond which the birds do not allow further crowding. In Ho- 
WARD’s opinion, males which arrive in an area where the population 
has already reached this critical level will move around until they find 
unoccupied ground. If they do not succeed, they will be unable to 
breed. 

On a priori grounds some limiting effect on the increase of local 
populations certainly is probable. It has been shown that the frequency 
of territorial quarrels increases with rising density (see e.g. HUXLEY, 
1934; N. TINBERGEN, 1939, p. 70). Thus an important condition for 
a limiting influence is fulfilled, and such effect has been assumed by 
several authors (e.g. NicE, 1937; KLUYVER, 1951). But this thesis has 
not been supported by direct evidence, as LAck (1946) stresses. 

The present authors have collected some information on this prob- 
lem during bird census work in Dutch woods. In this paper we will 
show that density of population in the more attractive habitats is 
buffered to a certain extent. We will examine the possible explanations 
of this phenomenon, among which, in our opinion, Howarp’s thesis, 
is the most satisfactory. 


KLuyver’s observations were made under the auspices of the Phytopathological 
Service, Wageningen. TINBERGEN did most of his work under the ‘Instituut voor 
Toegepast-Biologisch Onderzoek in de Natuur’’, Oosterbeek, and continued it at the 
Zoological Laboratory of the University of Groningen. 

We have to acknowledge valuable help from many sources. Many of the Wage- 
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ningen observations were made by the late G. Woipa. During census work in 
1946-1951 TINBERGEN received much help from Miss J. C. Niyennurs, Miss N. 
Cron, A. C. Perpecx, P. Sevenster, H. VeLtpKAmp, N. Prop, B. BENNEMA, 
P. Gras, J. H. Mook and R. Simon Tuomas. An important series of observations was 
put at our disposal by L. J. KRAmgr, the late A. J. SGHRAVENDIJK, and A. J. VEGTER. 
P. H. T. Hartiey, R. E. Moreau, Dr D. Lack and Dr B. GREENBERG kindly 
criticized our manuscript and provided linguistic help. Finally we have to express 
our gratitude to Prof. L. J. Smip who gave us statistical advice. 


I, CENSUS DATA 


Between 1941 and 1952 TINBERGEN and his collaborators determined 
densities of Great Tits Parus major, Blue Tits Parus coeruleus and Coal 
Tits Parus ater in the woods near Hulshorst, Guelders Prov., Nether- 
lands. In a number of characteristic sampling areas territories were 
counted by mapping singing males during early morning song. The 
method has been described in detail by L. TINBERGEN (1946). 

The Hulshorst district consists largely of almost pure woods of 
Scotspine Pinus sylvestris with a rather poor bird fauna. Among these 
we studied a number of lots, varying in age between 35 and 70 years. 
Between these pinewoods are found narrow strips of mixed wood, 100 
to 200 yards wide. For the greatest part these are situated on the bor- 
ders of a small brook. These mixed woods are much more attractive 
to many species of songbirds than the pinewoods. Nevertheless, they 
are also of a comparatively poor type. Undergrowth of shrubs and 
herbs is scarce. The tree layer mainly contains oak Quercus robur, beech 
Fagus sylvatica, birch Betula spec., Scotspine, fir Picea excelsa, Douglas’ 
fir Pseudotsuga douglasit and smaller numbers of Quercus cf. rubra, Alnus 
glutinosa and Larix spec. The tallest trees measure ca 60 feet. 

In both the pinewoods and the mixed woods nesting sites are present 
in sufficient numbers. The land owner placed nest boxes in the pine- 
woods which otherwise would not provide suitable nesting holes for 


Fig. 1. Number of breeding territories at Hulshorst. For comparison density figures 
for Apeldoorn (Apd) have been added, cf. text. 1 ha = 1 hectare = ca. 2.5 acres. 
Nors. 1. The area covered in the pinewood counts at Hulshorst slightly shifted from 
year to year. On the average 100 hectares have been investigated each year for Great 


Tit and Coal Tit and 80 ha for Blue Tit. Average densities per 10 ha were the follo- 
wing: 


Great Tit Blue Tit Coal Tit 
Mixed Wood . . . 5.6 6.8 5.0 
Pinewood .... 1.46 0.83 2.18 


2. The Apeldoorn counts are expressed in pairs per 100 nestboxes. In some years 
parts of the wood have not been investigated. On the average 177 boxes have been 
inspected in each year. The pinewood at Apeldoorn contains a small amount of 
deciduous trees. Average density of Great Tits is somewhat higher than at Hulshorst. 
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Fig. 1. 
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Great Tits and Blue Tits. The mixed woods contain a great number of 
natural tree holes and moreover some nest boxes. 

Density figures for mixed wood and pinewood are summarised in 
Fig. 1. In the first place, density per unit of area in the mixed wood 
was always much higher than density in the pinewood. This applies 
to all three species of titmice. Apparently they have a pronounced 
preference for the mixed wood. 

Furthermore, fluctuations from year to year are much smaller in 
the mixed wood than in the pinewood. This is clearest in the Great Tit. 
In this species density in the mixed wood fell to 10 in 1942 whereas in 
all other years it fluctuated only between 13 % and 17. The pinewood, 
on the other hand, had no Great Tits at all in 1942 and in the other 
years its population varied between 10 and 23. Apparently density in 
the mixed wood is buffered in some way. 

This effect can be demonstrated more conveniently by plotting year 
for year density in the mixed wood against the accompanying value 
of density in the pinewood (Fig. 2A). Instead of proportionality be- 
tween both figures (resulting in a straight regression line cutting the 
origin of the graph) one finds the points grouped on a line almost 
parallel with the abscissa. Thus, as density in the pinewood increases, 
density in the mixed wood remains almost constant. Nevertheless, it 
is clear that the regression line eventually must reach the point 0-0. 
So in its complete form it will include a part steeply rising from the 
origin to point 1942. This part has been extrapolated on Fig. 2A. 

Density in the pinewood is an approximate index of total population 
in the Hulshorst district, as the mixed wood covers only a very small 
part of this area. Thus a gradual increase in total population hardly 
raises density in the mixed wood except during the very first step of the 
process which we only know by extrapolation. 


In the Blue Tit the correlation graph for density mixed wood and 
density pinewood shows a slightly different picture (Fig. 2E). Unfor- 
tunately the regression line cannot be drawn very exactly as the point 
1946 fits badly. It is clear, however, that it has no horizontal part like 
in the Great Tit. Nevertheless, density in the mixed wood increases 
more slowly than density in the pinewood, at least within the range 
of observations. So we can speak again of a buffer effect. We are in- 
clined to explain the abnormal values for 1946 as a chance effect in 
sampling, but we cannot prove this. 


In the Coal Tit finally the situation is not quite clear. As compared 
with the other years, the points of high density (1941, 1942 and 1943; 
Fig. 2B) strongly suggest a buffer effect. Unfortunately, however, the 
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later years have not given the opportunity of rechecking the distribution 
at high general density. In this period Coal Tits always have been scarce. 
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Fig. 2. Relation between numbers of titmice in mixed wood and in pinewood. Data 
from Fig. 1 and Table I. Regression lines drawn at sight. Dotted: years of observation. 


The observation points show only slight deviations from a straight 
line cutting the ordinate near point density mixed wood = 7, but the 
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most probable interpretation seems to us a regression line rising through 
points 1950 and 1951 to points 1947 and 1948, bending in horizontal 
direction to points 1941 and 1942 and finally rising again to point 
1943. A tentative explanation for point 1943 is given on p. 281. So 
only between density (pinewood) 8 and 15 density in the mixed wood 
would be buffered. 


The total population of these species of titmice apparently strongly 
fluctuated in the Hulshorst district. These fluctuations occurred almost 
synchroneously in a much larger area. Through the kindness of the 
late A. J. ScHRAVENDIJK, of L. J. KRaMER and A. J. VEGTER we can 
present population figures for the “‘Berg en Bos” wood near Apeldoorn, 
15 miles SE from Hulshorst. As at Hulshorst, pinewoods dominate in 
this estate. The data have been included in Fig. 1. In general they 
show a similar trend as those for the pinewoods at Hulshorst. Thus the 
Great Tit minima for 1942, 1946, 1948 and 1950 were also found at 
Apeldoorn. The same holds good for the Blue Tit peak of 1948-1949 
and the Coal Tit peak of 1943. 


At Wageningen (Guelders Prov.) KLuyver collected a much longer 
series of observations on the estate ““Oranje Nassau’s Oord”’. 

The woods of this estate are poor in natural nest holes. Nearly all 
Great Tits and many Blue Tits therefore nest in boxes, which form 
almost optimal nesting sites for these species. Except in the years 
1930-1933, boxes were present in excess throughout the estate. The 
number of first broods in these boxes was recorded year after year and 
these figures are used here as an index of population (Table I). 

Great Tit. The Wageningen area comprises mixed wood as well as 
pinewood, the mixed wood being on the whole younger than that at 
Hulshorst, but richer in tree species. It has about the same average 
density of Great Tits. In earlier years, however, its vegetation was 
much poorer. This is clearly reflected in the census data (table I). 
Between 1922 and 1933 the density of Great Tits in the mixed wood 
was almost equal to that in the pinewood, but from 1934 onward it 
averaged about twice as much. Thus the Great Tits showed a clear 
preference for the mixed wood during these latter years but not during 
the earlier. 

The change in 1934 was sudden. This has the following explanation. 
After 1930 the younger mixed plantations (which started as under- 
growth in the older wood) had grown so far that they became a 
suitable habitat for Great Tits. There was, however, a shortage of 
nesting sites since there were only a few nestboxes. This situation chang- 
ed in 1934, when more boxes were provided and the tits were enabled 
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to utilise the young plantations fully. The attractiveness of the mixed 
part of the estate therefore increased abruptly. 

The pinewood at Wageningen differs from most of the pinewoods at 
Hulshorst in having some shrub growth and taller trees. The average 
density of Great Tits is much higher than the average at Hulshorst. 


TABLE I 


Numbers of breeding pairs at Wageningen (Oranje Nassau’s Oord) in 60 hectares 
of mixed wood and in 61 hectares of pinewood. 


Year Great Tit (Parus major) Blue Tit (Parus coeruleus) 


Mixed Wood Pinewood Mixed Wood Pinewood 
1922 18 iit 
1923 19 5) 
1924 II iti 
1925 32 Brit 5 6 
1926 14 14 12 5 
1927 22 20 5 
1928 25 18 9 5 
1929 25 17 10 2 
1930 35 32 15 8 
1931 36 26 9 I 
1932 26 22 8 ® 
1933 26 24 14 4 
Av. 1922-1933 24.1 19.4 — _- 
1934 48 26 13 7 
1935 30 17 10 10 
1936 34 QI 16 6 
1937 41 30 nS 5 
1938 37 17 16 7 
1939 28 10 16 4 
1940 30 12 10 Oo 
1941 48 36 no observations 
1942 18 I 12 I 
Av. 1934-1942 34.9 18.9 — _ 
Av. 1925-1942 = == 12.2 4.6 


There, the old, well grown pinewoods have an equally dense popula- 
tion, but these are scarce and the average for the district depends 
mainly on the density of younger and slowly growing woods, which is 
low. Apparently the type of pinewood which prevails at Wageningen, 
is more attractive to Great Tits than the lower woods at Hulshorst. 

In Fig. 2C and 2D density in the mixed wood at Wageningen is cor- 
related with density in the pinewood. In the years 1922-1933, when 
mixed wood and pinewood were almost equally attractive to Great 
Tits, density in the mixed wood was directly proportional to density 
in the pinewood. This is shown by the regression line which passes 
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through the origin of the graph. But from 1934 onward, when the 
mixed wood became more attractive than the pinewood, the relation 
clearly changed. The regression line for this period, when drawn as 
a straight line, does not cut the origin. Density in the mixed wood 
changed much more slowly than density in the pinewood. Thus we 
can speak again of a buffer effect, present since the time when the 
attractiveness of the mixed wood had increased. It should be noted, 
however, that the regression line for 1934-1942 has no horizontal part 
as at Hulshorst, so that the buffer effect was less pronounced at Wa- 
geningen than at Hulshorst. 

Blue Tit. The observations are summarised in Table I. In several 
respects they differ from those on the Great Tit. In the first place den- 
sity in the mixed wood always was much higher than density in the 
pinewood and even in the years before 1934 the Blue Tit preferred the 
mixed wood. This in our opinion reflects the fact that the Blue Tit 
has a stronger preference than the Great Tit for deciduous wood. 

There is another difference between the figures for Blue and Great 
Tits. Between 1913 and 1924 density of Blue Tits in both the mixed 
wood and the pinewood was much lower than in the years after 1924. 
Since a similar increase was noted at other localities, we assume a gen- 
eral rise of the population of Blue Tits which was not caused by 
local conditions. 

We shall analyze only the period 1925-1942, since the numbers in 
the earlier period were too small. In Fig. 2F density in the mixed wood 
is compared with density in the pinewood. The result is similar to 
that in the Great Tit 1934-1942. Density in the mixed wood is not 
proportional to density in the pinewood. It is already rather high 
when density in the pinewood is low. As the numbers in the pinewood 
rise, density in the mixed wood increases relatively slowly. Apparently 
the density of Blue Tits too was buffered in the mixed wood at Wage- 
ningen. 


Il. THE “BUFFER MECHANISM” IN THE.GREAT TIT 


Both at Hulshorst and at Wageningen densities of Great and Blue Tits 
were high in attractive mixed woods and low in neighbouring pure 
stands of Scotspine. Fluctuations from year to year were small in the 
former habitat and considerable in the latter. As the total population 
in both mixed woods and pinewoods increased, density in the mixed 
wood rose much more slowly than density in the pinewoods. This buf- 
fer effect was very pronounced in the Great Tit at Hulshorst and in the 
Blue Tit at Hulshorst and Wageningen. The Great Tit records for 
Wageningen show it in a less marked but nevertheless convincing form. 
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Here the effect only occurred in the period when the mixed wood was 
rather attractive for the tits. Finally observations on the Coal Tit in 
Hulshorst suggest similar relations in this species. 

We must now examine the mechanism which buffers density in the 
mixed woods. This requires knowledge of the life history of the differ- 
ent species. At present, only the Great Tit has been studied in detail. 
We will therefore first confine our attention to this species. 

It may be useful first to summarise certain aspects of the Great Tit’s 
biology. The phenomena of dispersal especially interest us here. KLuy- 
VER (1951) has studied these subjects in the woods near Wageningen 
already described in this paper, and we shall chiefly summarise his 
findings. 

Ringing data show that a considerable number of Great Tits select 
a home range in autumn and early winter of the first year of life. After 
reaching this age many but not all Great Tits are very faithful to their 
homes!. Generally speaking the further life of these individuals is con- 
fined to a range of about 50-80 hectares. The nucleus of this range is 
the area where the individual roosts during autumn and winter and 
where it breeds in successive summers; it has a surface of ca. 10 hect- 
ares. This area is named the ‘‘domicile’’. It should be noted that the 
domiciles of different individuals overlap to a considerable extent. So 
they certainly are not comparable with territories. 

In early autumn (especially September) there is much fighting and 
threatening among Great Tits. Both males and females participate in 
these quarrels which often occur on fixed spots. We are inclined to 
explain them as territorial fights, but we cannot prove this. 

Aggressive behaviour is suspended in winter. During this season the 
birds roost in the domicile, but they spend the day in its larger sur- 
roundings, which, as already mentioned, do not cover more than ca. 
50-80 hectares. The tits then flock together in the well known mixed 
parties. These scatter at dusk; every Great Tit then moves to its own 
domicile to roost. 

The defence of territories can already be observed in late winter. 
Brian (1949) found that the boundaries between neighbouring territo- 
ries were still rather vague in February. They become sharper in the 
course of spring, at least in densely populated areas like the mixed 
woods studied by us. In gardens at Wageningen, where the population 
of Great Tits is still denser, the boundaries between territories were 
very sharp, though they shifted slightly from one week to another. 
On the other hand fights between neighbouring pairs regularly were 
seen at low densities in the pinewoods. Here, however, the boundaries 
were not sharp. 

1 The same has been found by PLATTNER and SUTTER (1946). 
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At least in the mixed woods which we studied, the whole area is 
divided into territories during spring. For the pinewoods this is un- 
certain. 

Within their domicile individual Great Tits do not inhabit exactly 
the same territory in successive springs; as a rule there is some shifting. 

Many Great Tits are faithful to the domicile which they select in 
their first autumn. This fixation, however, is not absolute. For instance, 
when a habitat suddenly becomes very unsuitable by the cutting of 
trees or the removal of nestboxes, many tits will leave it. In such cases 
it was found that some of them move over considerable distances. 

Displacements also occur under more normal conditions. In the 
mixed wood at Wageningen there is a category of birds which appear 
in autumn and emigrate in spring. In some winters this group is as 
numerous as the residents, in others they are scarce. 

It is not known where these birds settle in spring. Some of them 
might be true migrants, which have wintered at Wageningen, but 
others probably do not go far away. It is possible that the latter settle 
in unattractive habitats, e.g. in the poor pinewoods. In this type of 
habitat regular observations of ringed birds were not made. Winter 
counts in poor pinewoods at Hulshorst revealed an increase of Great 
Tits in early spring, but this does not exclude other explanations. 


Summarising we find that the distribution of Great Tits over dif- 
ferent breeding habitats takes place in two phases. In rough outline it 
is already determined in autumn when many individuals settle in 
their final domiciles. In detail, however, it takes place in early spring 
when the breeding territories are established. Many birds remain 
faithful to the domiciles which they select in their first autumn of life. 
Nevertheless displacements at greater age do occur. There is, for 
exainple, a regular emigration from the mixed wood during late winter 
or early spring. 


After this introduction, we can deal with our main point: the factors 
buffering density in the mixed woods. 

In principle, density at a certain locality is determined by three 
main processes: reproduction, mortality and habitat selection (in a 
broad sense). We will discuss the possible influence of each of these 
factors in the buffer mechanism. 


REPRODUCTION 
The Great Tits of the mixed woods do not form isolated populations 


which depend on their own reproduction for the recruitment of a new 
generation. Before settling the young birds may move over consider- 
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able distances (KLUyVER, 1951). The latter are much greater than 
the dimensions of our mixed woods. Moreover the Wageningen ring- 
ing data show that birds which were born in the mixed wood often 
settle in pinewoods and vice versa. KrAtzic found the same exchange 
between richer and poorer habitats. So eventual differences in repro- 
duction rates between the pairs of mixed woods and those of pinewoods 
cannot account for the differences in density between both habitats, 
nor for the observed buffer effect. 


MIO TeACIE Tehave 


As we have seen, the rough distribution over different habitats has 
already taken place in autumn. Therefore we must examine, how far 
mortality between autumn and spring can contribute to the buffer 
effect. 

At first sight the remarkable distribution in 1942 might reflect an 
influence of mortality. In this year density in the mixed woods was 
50-70% of the average value, but density in the pinewoods fell to 
o-7% of the average. The winter 1941-42 was very hard. It seems 
possible that the autumn population in 1941 was more or less normal 
in both mixed woods and pinewoods and that birds which had their 
domicile in pinewood suffered much more from frost and snow than 
those which had domiciles in the mixed wood. 

Such differential mortality could operate either during roosting at 
night or by day. In the pinewoods at Hulshorst and at Wageningen 
most Great Tits roost in nestboxes, but in the mixed woods many 
make use of holes in trees. Possibly nest boxes are colder in winter 
nights than holes in trees. This might account for a difference in mor- 
tality. But inspections of nestboxes during and after the winter never 
revealed a significant number of dead titmice. Therefore we cannot 
accept that the disappearance of Great Tits in the pinewood was 
caused by a high mortality of the birds which roost in this habitat. 

During daytime, on the other hand, many of the tits which have 
domiciles in the pinewood live under the same conditions as those 
which have domiciles in the mixed wood. This is especially noticeable 
at Hulshorst, where the width of the mixed wood is 100-200 m whereas 
the diameter of the range in which the birds wander each day is at 
least 650 m. (This figure is derived from the Wageningen ringing data; 
KrAtzic (1939) found much higher figures.) This implies that all 
birds which have domiciles in the mixed woods at Hulshorst may spend 
a great part of the day in pinewood. On the other hand many birds 
roosting in pinewood may visit the mixed woods. In fact, flocks which 
move from the pinewood to the mixed wood and the other way round 
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were often observed. At Wageningen the birds seem to concentrate 
in the mixed wood during winter days. At least, feeding shelves in the 
pinewood did not attract Great Tits whereas feeding shelves placed in 
the mixed wood were visited by birds roosting in the mixed wood as 
well as by birds roosting in the pinewood. 

It seems probable that the mixed wood offers better conditions of 
food and cover during winter. These better conditions, however, are 
not the exclusive privilege of the birds which roost in the mixed wood. 
Many inhabitants of the pinewood share in them. 

Also by day an influence of mortality is, therefore, unlikely. Hence 
the spring densities of 1942 probably do not reflect differential mortality. 


Putting the question more generally, we must examine whether mor- 
tality could ever produce the buffer effect. We now meet a serious 
difficulty: we should know autumn densities and these have not been 
recorded. Theoretically, however, four possibilities can be distinguished. 
A. Autumn density in both habitats has a constant value from year 
to year and the buffer effect is produced by winter mortality. 

B. Autumn density fluctuates in both habitats. 

1. Autumn density in the mixed wood is not buffered and conse- 
quently directly proportional with autumn density in the pine- 
wood. The buffer effect is produced by winter mortality. 

2. Autumn density in the mixed wood is not buffered. The buffer 
effect is produced by movements of the birds from one habitat 
to the other during spring. 

C. Autumn density in the mixed wood is already buffered whereas 
it fluctuates in the pinewood. The buffer effect is produced by 
movements of the birds during dispersal in early autumn. 


In the two last mentioned possibilities habitat selection is the essential 
factor. Hence these will be discussed in the next section. We must 
examine here whether one of the first two possibilities can explain our 
observations. 

A. Autumn density in both habitats has a constant value from year 
to year. A buffer effect could result if winter mortality of birds roosting 
in the mixed wood fluctuated between much narrower limits than 
winter mortality of the pinewood birds. This hypothesis can be rejected 
because the number of birds in autumn certainly is not constant in 
both habitats. Superficial observations in autumn already reveal huge 
differences in general density between one year and the next. More- 
over, counts in late autumn show similar fluctuations. In a definite 
part of the mixed wood at Wageningen the following numbers of 
Great Tits have been recorded during nightly inspections of nestboxes 
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in early December: 1936 59, 1937 71, 1938 110, 1946 88, 1947 43, 
1948 88, 1949 77, 1950 83, 1951 98. 

; (1). The number of birds which during autumn have a domicile 
in the mixed wood is not buffered but directly proportional with the 
pinewood population. A buffer effect will occur if winter mortality 
percentage in the mixed wood is density dependent, whereas in the 
pine wood it is not or to a smaller extent. 'To formulate this condition 
in a more general way: a buffer effect will result if the difference ““per- 
centage winter mortality in mixed wood less percentage winter morta- 
lity in pinewood”’ has increasing values with increasing density of 
population. 

A strong argument against this hypothesis was already put forward. 
During winter birds roosting in the mixed woods are exposed to almost 
the same conditions as birds which roost in the pinewoods. Therefore, 
a great difference in mortality is not probable. 

In our further discussion of this hypothesis we will treat the Huls- 
horst and the Wageningen data separately. For Hulshorst this 
hypothesis would include that winter mortality always leaves an almost 
constant number of survivors in the mixed woods. This seems only 
possible if mortality depended entirely on the following mechanism: 
the mixed wood has a fixed number of safe sites and all individuals 
which do not occupy such a safe site are killed. At first sight this seems 
very improbable, but in the case of the Great Tit the number of roos- 
ting holes could operate in this way as a limiting factor. Roosting 
holes, however, are present in great excess in the mixed woods at 
Hulshorst. We therefore cannot accept that the buffer effect at Huls- 
horst is produced by differential mortality. 

As an alternative hypothesis one could assume that the number of safe sites in the 
mixed woods is constant because the supply of food is the same from year to year. 
Even if we neglect the fact that birds roosting in the mixed wood collect a great 
deal of their food in the pinewood, this relation cannot exist. In the first place, 
winter food density certainly is not equal from year to year (see below, p. 279). 
In the second place, even if it was equal, the postulated effect would not occur. In 
winter the accumulation of new food almost stops. So the birds mainly depend on a 
stock of food which is present already late in autumn. Now our starting point was 
that autumn density of tits fluctuates. Hence in a year with many birds the stock of 
food would decrease in a much faster way than in a year with few birds. Instead of 
equal numbers of survivors, few of them should be expected in the former year and 


many in the latter. Hence, if the number of birds in autumn fluctuates — which 
happens — even a constant amount of food in the mixed wood would not lead to a 


constant number of survivors in spring. 

At Wageningen, on the other hand, the situation is different from that 
at Hulshorst. Here the number of survivors in the mixed wood is not 
constant, although it is buffered. Hence the argument, which was given 
for Hulshorst, cannot be followed in this case. Nevertheless, the hypo- 
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thesis put forward in this section most probably does not explain the 
Wageningen data. It postulates a sharp correlation between winter 
mortality and population density in the mixed wood. The data of 
Kiuyver (1951) do not suggest such a marked correlation. An effect 
of density on mortality could be deduced only for severe winters (p. 
125) and the estimates of the yearly mortality rate in adult birds (p. 
00) do not point to a correlation with density at all. Thus the main 


condition for the hypothesis seems not to be fulfilled at Wageningen. 


Summarising this section we consider it very improbable that mortal- 
ity buffers density of Great Tits in the mixed woods at Hulshorst and at 
Wageningen. 


HABITAT SELECTION 


In the preceding pages we found no reasons for assuming that either 
reproduction or mortality produce the density phenomena which we 
described. There remains only the alternative that the buffer mecha- 
nism is a component of habitat selection. We explain the census data 
for Hulshorst essentially in the following way: the mixed woods are 
“filled up” to a critical level and not further. The excess birds settle 
in the pinewoods. In some years, these are many, in others few. 

At Wageningen, on the other hand, a fixed level of critical density 
cannot be distinguished but here as well the percentage of birds which 
settle in the pinewood increases as total population reaches higher 
values. A more detailed discussion of the Wageningen data will be 
given further below. We will first restrict our attention to the Hulshorst 
data. 

One could give the following tentative explanation for the state of 
affairs at Hulshorst. Some element in the habitat, which every bird 
requires, is present in limited and constant supply in the mixed wood. 
Although many hypotheses can be made about the nature of this ele- 
ment, only two possibilities seem reasonable: the number of roosting 
holes and/or the number of nest sites is limited. Neither is the case, 
however. As already stated the mixed wood at Hulshorst contains a 
great number of tree holes (which are suitable for both roosting and 
nesting) as well as some nest boxes. Moreover, if the number of holes 
were to limit the population, this influence could be expected to act 
upon the numbers of Great Tits and Blue Tits taken together, because 
the latter species uses similar holes as the former. In other words, one 
would expect that only the combined population of Great and Blue 
Tits would be buffered. The percentage in which each species is re- 
presented in this sum would fluctuate in dependence on its general 
abundance, This clearly is not the case. The number of Great Tits 


TERRITORY AND REGULATION OF DENSITY IN TITMICE 279 


in the mixed wood is almost constant despite big differences in the 
ratio Great Tits: Blue Tits as calculated for the district as a whole. 

Other assumptions, viz. that the conditions of cover or the amount of food limit 

in a similar way density of the mixed wood, easily can be dismissed. Cover conditions 
are good throughout the mixed wood. That food supply in this habitat would 
attract a fixed number of Great Tits in every year seems completely improbable. 
In the first place the density of food varies very much from year to year. To mention 
one example: in the mixed wood beech mast is an important food item during the 
cold season. In some years it is present in enormous excess, in others it hardly can 
be found. In the second place, the total number of birds which seek a home is rather 
variable from one year to another. Even if food supply were constant and limited 
in the mixed wood, a great number of birds would be attracted by it in years of 
high population and a small number in years of low population. 
So we cannot accept that the constant level of population in the mixed 
wood at Hulshorst is caused by the fact that the supply of things which 
the birds require is limited and constant in this habitat.In our opinion 
there is only one reasonable alternative hypothesis namely, that the 
density of population of the same species is a factor in habitat selection. 
We assume that birds which seek a home are guided by two coun- 
teracting tendencies: a preference for mixed woods as such and an 
aversion from densely populated localities. Birds which settle early will 
choose a place in the mixed wood. The more this is filled up, the less 
attractive it will be for other individuals. In these circumstances, 
the latter will prefer a habitat which per se is less attractive, but 
where no dense population is present. Thus as the number of 
individuals in the district rises, there will be an increasing disposition 
to settle in the pinewoods. 

This hypothesis implies that density in the mixed wood will increase 
until the attractiveness of the habitat is counterbalanced by the repel- 
ling influence of population already present. Therefore, we can expect 
that density in the mixed wood will rise to a certain critical level, a 
‘level of saturation’’, and not further. 

That in the Great Tit many adult individuals are faithful to the 
domicile of the preceding year forms no serious objection against our 
explanation. It only means that those adults which survived already 
occupy part of the positions when new birds try to settle. 


The next question to discuss is, in which season does the repelling 
influence of population density operate? 

We have seen that there are two phases in habitat selection: in 
autumn many Great Tits settle in their domiciles, and in spring the 
final breeding territories are established. These are counted in our 
censuses. We know further that part of the birds, which have settled 
in autumn, are killed during winter and that others emigrate in early 


spring. 
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In principle the density effect could operate in one of the two phases 
of dispersal or in both. We can deduce, that it works at least in spring, 
but we have no observations which allow a conclusion about the au- 


tumn period.! 

If the density effect does not operate in spring, we have to assume 
that it is restricted to the autumn. In winter, however, many birds die. 
Of course this winter mortality cannot be equal year after year. ‘Thus 
the number of survivors would fluctuate from one year to another. 
This is in contradiction with the census data for Hulshorst, which show 
very small fluctuations. We therefore must conclude that the density 
effect works at least in spring. This implies that the birds are redistrib- 
uted to a certain extent during this season. 


Unfortunately, we have no conclusive information on this redistribution. In 
principle, it might imply either an emigration from or an immigration into the 
mixed wood. It seems probable that movements in both directions may occur. When 
the total population has decreased very much during winter (as in 1942), we must 
assume a displacement from the pinewood into the mixed wood. On the other hand, 
in years with a more normal density the Wageningen ringing data show that part 
of the population emigrates before spring from the mixed wood. This suggests that 
in autumn or winter the mixed wood is filled beyond the saturation level and that 
excess birds disappear. Although it is very probable that true migrants are scarce 
among these emigrating birds (KLUYVER, 1951 p. 31) we do not know whether the 
latter move into the neighbouring poor habitats. These movements need to be 
studied more intensively before we can state whether they contribute to the buffer 
effect. 

- We should add here that spring densities in the mixed wood can be adjusted to a 
certain extent by local movements of birds which do not leave their original domi- 
ciles. We have seen that the domicile has a larger surface than the average territory. 
Thus birds living on the borderline between mixed wood and pinewood can select 
either habitat for their final breeding territory. Especially at Hulshorst, where the 
mixed woods are narrow strips, 1-2 territories wide, this factor might have consid- 
erable influence. 

Finally, it should be stressed that besides displacements from the mixed wood to 
poorer habitats and the other way round, there also might be an exchange between 
mixed woods and still more attractive habitats. 


We now must consider whether the critical level or ‘“‘level of satura- 
tion”’ is the same in all types of habitat. In our hypothesis we supposed 
that the critical level represents the density value at which, according 
to the innate standards of the bird, the attractiveness of the habitat is 
counterbalanced by the repelling influence of population density. Cer- 
tainly, the attractiveness of different habitats is not equal. Thus we can 
expect the critical level to be low in unattractive habitats and high 

* KLUYVER (1951, p. 122-123) brought forward evidence for large scale emigra- 
tions of juveniles in autumn. His data strongly suggest, that these emigrations are 
density-dependent. It is not known, however, whether these displacements influence 


density in the mixed wood to a greater extent than density in the pinewoods, in 
other words whether they contribute to the buffer mechanism or not. 
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in attractive ones. This in fact seems to be true. Parts of the woodland 
district at Hulshorst have a still denser population of Great Tits than 
the mixed woods. These are among others the gardens near houses. 
Apparently this habitat is still more attractive to Great Tits than the 
the mixed woods. As the latter are saturated in most years, the former 
must also be filled up to the critical level. This consequently is higher 
than the critical level in the mixed wood. Apparently these gardens 
are so attractive, that the birds which inhabit them endure more 
members of their own species than do the birds which live in the mixed 
woods. 

On the other hand, the pinewoods are clearly less attractive to the 
tits than the mixed woods. Therefore we may expect that here the 
critical level is lower. 

Hence the important question arises, what happens when the pine- 
woods are also saturated to the critical level. There are no poorer 
habitats which then may harbour the remaining birds. There are then 
two alternatives: the birds may attempt to settle in any of the already 
saturated habitats or they may not settle at all. At present we cannot 
give a definite answer to this question. 

If we were to assume that our explanation could also be applied to the Coal Tit 
(which is not proven, see below), we have one observation which might throw some 
light on this problem. In 1943 the population of Coal Tits at Hulshorst was very 
high. As compared with 1942 both the mixed woods and the pinewoods had a 
remarkable increase in density. This might indicate that the saturation level in 
pinewood was passed and that the excess birds settled in all the habitats. If this inter- 
pretation is right, population density in the mixed woods is only buffered as long 
as the pinewoods are undersaturated. Therefore an effect on the total size of popu- 
lation would be doubtful. 


So far we have considered only the census data for Hulshorst. At Wage- 
ningen density of population in the mixed wood (1934-1942) was 
buffered to a certain extent, but it was not as stable as at Hulshorst. 
Nevertheless we believe that the Wageningen data must be explained 
in the same way as those for Hulshorst. The argument on p. 277 
makes it very probable that at Wageningen too, the buffer effect is a 
product of habitat selection An influence of limited supply of nestboxes 
or a food influence (see p. 278) seems hardly probable. Hence we 
assume again an influence of density in habitat selection. 

Three factors might explain why density in the Wageningen mixed 
wood is not buffered to the same extent as at Hulshorst. 

1. The difference in attractiveness between mixed wood and pine- 
wood is smaller at Wageningen than at Hulshorst (cf. p. 270). Now 
it is evident that our suggested principle will be the more effective, 
the greater the difference in attractiveness between “rich” and “poor” 
habitat. Where the latter is very unattractive, the birds will do their 
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utmost best to find a place in the former, and there will be a strong 
tendency to fill this up to the saturation level. The tendency will be 
weaker when the poor habitat is still fairly attractive, like the pinewood 
at Wageningen. In such case we cannot expect that the mixed wood 
will be filled till the exact limit of tolerable density. It therefore seems 
quite natural that density in the mixed wood at Wageningen was not 
buffered to such extent as at Hulshorst. In this regard the older series 
at Wageningen (1922~1933) is of interest. In these years there was 
hardly a difference in attractiveness between mixed wood and pine- 
wood. Accordingly, there was no buffer effect at all. 

2. At Wageningen, habitats which are stil more attractive than 
mixed woods cover a relatively larger area than at Hulshorst. In years 
of low total population, this might imply that the mixed woods are 
not filled till the critical level. We do not know whether this factor 
has real significance. 

3. In relation to its surface the mixed wood at Wageningen has a 
relatively shorter borderline than the mixed wood at Hulshorst. We 
have mentioned the possibility that birds living at the borderline move 
from one habitat to the other without leaving their domicile. This might 
be an important factor in the regulation of density in the mixed wood. 
The shorter borderline would lessen the effectiveness of this factor at 
Wageningen. 


The differences between Wageningen and Hulshorst suggest that 
local conditions at Hulshorst favour the operation of the density effect 
in habitat selection. Further investigations will have to show, to what 
extent local conditions may obscure it. We have shown the phenome- 
non to exist, but we cannot give an exact delimitation of its influence. 
Thus in several regards our observations invite further research. In the 
first place, more observations of density in attractive and unattractive 
habitats are desired. Further density measurements in autumn and 
winter would be very welcome. Finally a large scale investigation of 
the movements of individuals from one habitat to another is very much 
needed. 


We have concluded that the density effect in habitat selection operates 
at least in spring. We must examine now by what elements of behaviour 
it is produced. It might be caused by aggressive action, by avoiding 
behaviour or by both. Now both are essential features of territorial 
practice, which is at a peak in spring. Therefore, we accept as the 
simplest explanatory hypothesis that the population effect in habitat 
selection is an immediate consequence of territorial behaviour. The 
Great Tit is a territorial bird, and in spring the mixed wood is 
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divided completely into territories. The buffer effect implies that the 
size of these territories does not decrease in proportion with a rise in 
total population, but more slowly. It seems justifiable to regard this 
total population as a more or less exact expression of the number of 
birds which try to settle in any given year. At Hulshorst a marked 
increase in this number hardly lowered the average size of territories 
in the mixed wood. At Wageningen a definite minimum size of terri- 
tory was not reached, but the decrease was relatively small. 

When speaking more generally, it is of course not necessary to pos- 
tulate such a relation with territorial practice. A similar effect could 
be reached when animals were only mutually hostile (without settling 
at an individual territory) or when they merely avoided each other. 

The above explanation implies that we accept Howard’s principle 
for the populations of Great Tits, but under restricted conditions. In 
the first place it should be added that the limit of compressibility of 
territories is not the same in every habitat. Further we conclude that 
this principle can buffer density in attractive habitats only as long as 
the population in less attractive environments of the same district 
has not yet reached the “‘level of saturation”. We do not know what 
happens when more birds are present. 

We should stress here that we realize we have not provided a direct 
proof for Howarp’s thesis. Such proof would require much more 
knowledge about behaviour and movements of individual birds than 
we have at present. We feel, however, that the facts reported here are 
most easily explained by Howard’s hypothesis. 


Ill. THE “BUFFER MECHANISM” 
JUIN| TWISTS, BIGOT, WWI AMINO) Teta (CKOQVAIL, ACIOIL 


Very little can be said about the buffer mechanism in the two other 
species, as their life history has not been studied sufficiently. We can 
conclude that the census figures are not in contradiction with the 
explanation which we gave for the buffer effect in the Great Tit. (A 
tentative explanation for the abnormal values for Coal Tit 1943 has 
been given on p. 281). It is impossible, however, to exclude in a 
strict way the alternative hypotheses discussed on p. 274-278. We may 
add that both the Blue Tit and the Coal Tit defend territories. 


IV. DISCUSSION 


The census data, presented in this paper, show that density of popu- 
lation in three species of titmice was buffered to a certain extent in 
densely populated mixed woods and fluctuated much in neighbouring 
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pinewoods, where the population was low. KrArzic (1939, P. 32) has 
found the same phenomenon. Referring to Great Tits he writes about 
the favourable habitats: ‘‘dass diese Typen offenbar wegen ihrer star- 
keren Laubholzdurchmischung als Siedlungsgebiete bevorzugt werden. 
Es sind dieselben Waldteile, die auch zahlenmassig nur geringe jahr- 


liche Siedlungsveranderungen aufweisen...”’ and he adds that density 
in the neighbouring poorer habitats clearly sinks in unfavourable 
years. 


Before KrArzic, ERRINGTON (1934, 1943) and ERRINGTON and 
Hamerstrom (1936) described similar relations in other species. Ac- 
cording to these authors Bobwhite Quails (Colinus virginianus) and 
Muskrats (Ondatra zibethica) have a more or less constant density in 
the most attractive habitats whereas poorer sites are only occupied 
in peak years. Finally, the observations of SourHERN and Mor Ley 
(1950) suggest analogous conditions in the Marsh Tit (Parus palustris). 

When examining the nature of this buffer mechanism, we have con- 
cluded that at least in the Great Tit density of population is an impor- 
tant factor in habitat selection. We assume that the birds have an 
aversion for densely populated localities. Such a population effect in 
habitat selection has been suggested in several other cases. 

For instance, ERRINGTON (l.c.; 1946) assumes it in his explanation of 
the regulation of density in Bobwhite Quail and Muskrat. Sivonen 
(1941) supposes the same factor as releaser of mass emigrations in the 
Waxwing (Bombycilla garrulus). Finally CRomBIE (1944) in his experi- 
ments with grain boring insects found a pronounced correlation be- 
tween population density and the intensity of emigration among the 
larvae of Rhizopertha dominica and Sitotroga cerealella. 

In the Great Tit movements of individuals seem to play an impor- 
tant role in the regulation of density. KLUYVER (1951) assumes that 
the emigrations of juveniles in autumn chiefly radiate from densely 
populated areas. In this paper we have postulated movements in 
spring which adjust density in the more attractive habitats. These 
findings support ERRINGTON’s view that displacements and the innate 
standards of tolerable crowding are important factors in density regu- 
lation among higher vertebrates. 

We found reasons to suppose that at least in spring the density 
effect in habitat selection of Great Tits is produced by territorial be- 
haviour. Although for definite proof more observations of behaviour 
are required, we accept Howarp’s thesis as the most satisfactory ex- 
planation. So we assume that more birds settle in the pinewoods as 
territories in the mixed wood approach the limit of compressibility. 

We concluded that this limit is not equal in all kinds of habitats 
but varies in relation with the attractiveness of the latter. During our 
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observations the limit was never reached in the unattractive pinewoods. 
So we do not know, whether Howarp’s principle still works when 
density in the poor habitats has reached the critical level. Probably 
the latter condition generally is prevented by the above mentioned 
emigrations in autumn. 

As far as concerns these autumn emigrations it is still unknown 
whether they have relations with territorial practice. In fact, there is 
a marked rise in hostility during the fall, but it is not certain whether 
real territories are established. A thorough study of autumn behaviour 
in ringed birds would be very valuable. 


According to our assumption Great Tits are guided during habitat 
selection by two counteracting tendencies: a preference for certain 
habitats and an aversion for densely populated localities. The distri- 
bution over different habitats therefore is not the effect of habitat pref- 
erence only, but of both dispositions.? 

The biological significance of this principle of density regulation 
becomes clear, when we ask, what would happen if the birds were 
guided only by their preference for certain habitats and not by their 
aversion for crowding. The population then would be concentrated 
almost exclusively in the attractive habitats. When the population 
increased the densities of birds in these attractive habitats would be- 
come very great. We know that such concentrations of animals are 
in general unstable. There would follow an unfavourable trend in the 
rates of reproduction and mortality, eventually accompanied by an 
exhaustion of the resources of the habitat. On the other hand the 
surrounding unattractive habitats would be utilised to a very small 
extent. In the long run the species in question could only maintain a 
much smaller population than it does in reality. Thus the interaction 
of habitat preference and the aversion for concentrations prevents the 
development of topheavy populations in favourable habitats and en- 
sures the utilisation of less attractive environments. The fact that in- 
dividuals avoid concentrations probably will favour their survival. 

This is a rather vague statement, based only on general ecological 
principles. But we cannot go further than this. At present we do not 
know at what densities the populations of the favourable habitats be- 
come “‘unsafe’’. Neither do we know whether shortages of food or some 
other factor (e.g. an increased risk for predation or disease) would 
dominate in such unfavourable development. So the hypothesis of the 


1 This point seems of importance for the interpretation of the results of bird cen- 
suses. It implies that the ratio of densities in different habitats is not a simple expres- 
sion of the degree to which the birds prefer one to another. We think it probable 
that this effect is not restricted to the Great Tit, but is found in other species as well. 
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food value of territory (which is often linked with the thesis that terri- 
tory limits the population) remains untouched in this study. 

In its effect on survival the buffer mechanism has some resemblance 
to the emigrations of Lemmings and, probably, with similar but less 
conspicuous phenomena in several other species. The Lemming emi- 
erations lower the density in favourable habitats which are heavily 
populated. Moreover part of the animals which emigrate find suitable 
habitats, which they otherwise would not have reached (KALELA, 
1949). On the other hand, these emigrations do not start until the 
density in the favourable habitat has already reached a very dangerous 
level. Hence this regulation is less effective than that in the Great Tit, 
where the limit of density in the mixed wood seems rather safe. 


V. SUMMARY 


1. We have studied densities of the spring populations of Great Tit, 
Blue Tit and Coal Tit (Parus major, P. coeruleus, and P. ater) in two 
woodland districts in Holland. Both districts contained attractive 
mixed woods (high densities) and unattractive pinewoods (low den- 
sities). Fluctuations from year to year were small in the former and 
considerable in the latter. As the number of tits increased, density in 
the mixed wood rose much more slowly than density in the pinewoods. 
Apparently some mechanism buffers density in the mixed woods. 

2, The nature of this buffer mechanism is examined in the Great 
Tit. Reproduction and mortality can be excluded as possible causes; 
apparently the mechanism is a component of habitat selection. As a 
limiting influence of nesting holes, roosting holes and food can be 
rejected, we assume the following explanation. Great Tits have an 
aversion for localities which bear a dense population of the same spe- 
cies. The birds seem to prefer mixed woods to pinewoods, but as the 
mixed woods become more densely populated, excess birds settle in 
the pinewoods. Thus the attractiveness of the mixed wood per se is 
counterbalanced by the repelling influence of the population already 
present. In one case this resulted in the mixed wood being always 
filled up till a constant level. 

3. The limit of tolerable crowding is not the same in all habitats 
but higher in the more attractive ones. During our observations this 
limit probably never was reached in the pinewoods. 

4. Dispersal of Great Tits over different habitats takes place in 
autumn and in spring. We conclude that the buffer mechanism works 
at least in spring. It is unknown whether it acts also in autumn. A 
partial redistribution of birds during spring must be assumed. 

5. Local differences in the census data are discussed. They are most 
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easily explained by the assumption that the buffer mechanism is the 
more effective, the greater the difference in attractiveness between 
rich and poor habitat. 

6. Innate standards of tolerable crowding and displacements of in- 
dividuals seem to be important factors in the regulation of density of 
Great Tits. Besides the principle discussed in this paper, emigration 
of young birds in autumn (probably density dependent) much influ- 
ences the number of birds which settle in a given area (KLUYVER, 1951). 

7. Great Tits are territorial birds. In spring the mixed wood is com- 
pletely divided into territories. Since the density effect works during 
this season, we assume that it is a consequence of territorial behaviour. 
A complete proof for this assumption cannot be given, but it seems to 
us the most reasonable hypothesis. 

8. ‘The census data for Blue Tit and Coal Tit agree with the above 
explanation, but it is not possible to exclude alternative hypotheses. 

g. The biological significance of the buffer mechanism in the Great 
Tit is discussed and some comparisons are made. 
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APPENDIX: STATISTICAL ANALYSIS 


Prof. L. J. Smrp of Groningen University kindly undertook the statisti- 
cal study of our data. His comments are quoted here. 

We consider two neighbouring woods, a mixed wood of O, haanda 
pinewood of QO, ha. By way of simplification we suppose that in a cer- 
tain year n tits (males) of a certain species (Great, Blue or Coal Tit) 
must settle in the two woods. Then, if the territories have a surface of 
1.6 ha in the mixed wood and of 8.0 ha in the pinewood, the numbers of 

i 0, . | I 
1.6 S07) 

Now the following “hypothesis of proportionality” can be set up: 
In any case the tit makes no difference between a certain area of mixed 
wood and ac (in our case c = 5) times larger area of pine wood. Then 
in other years also, with higher or lower values of n, the proportion 


tits are n= and n, = 


of the numbers would be OF: = OP, 


If a diagram is made in the (n,,n,)-plane, the points are to be expected 
on a straight line through the origin (Fig. 3). In reality there are of 
course many causes for accidental deviations in the ratioc. Thus if nis 
given, not always the same division in z, and n, will be obtained, but 
there is a certain probability distribution on the line n, + ny =n, 
around the indicated point. If there were no other accidental devia- 
tions than those in ¢, then a higher value of n would correspond to an 
almost proportionally enlarged distribution. (Exact proportionality is 
impossible because n, and n, must have integral values) 

On the other hand it may be thought that a tit cannot breed on 
a territory which is smaller than a certain area of A ha. A rather over- 
simplified scheme is obtained by supposing that the attractiveness of 


a territory is measured by the surplus eon) in the pinewood and by 
2 
c (ot A) in the mixed wood and that in the ideal equilibrium 
Ons A=c (Swe 
Ng ny 
If, + nm, = nis variable, this formula represents a part of a hyperbola 
in the (,n,)-plane (Fig. 4). 

In reality a probability distribution around the regression curve 
would be obtained. We do not suggest of course that this simple formula 
really represents the regression curve. 

In this case it may be said that density is buffered, in the first place 
in the mixed wood. 

We now will neglect all deviations other than those in c, for example 
those caused by counting errors and the sampling deviations caused 
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Fig. 3. Fig. 4. 


by the smallness of the areas of the woods. The correctness of these 
neglections is questionable.! Then if the hypothesis of proportionality 
holds true the distribution of n/n, is independent of n, + n,. This 
independency can be checked by testing whether the rankings accord- 
ing to these two quantities are correlated. This may be done by means 
of Kendall’s coefficient of rank correlation? which is ordinarily denoted 
by +r. As in the alternative hypothesis an increasing value of n, + n, 
tends to be accompanied by a decreasing value of n,/n,, a one-sided 
test may be used. 

Each of the 5 cases produces a value of t which is significantly 
negative, and thus leads to rejection of the hypothesis of proportiona- 
lity. 

Finally, we remark that even the simple fact that in each of the 5 
cases 7 turns out to be negative provides a significant test against the 
hypothesis of proportionality. 


Probability of obtaining or 
Number of years of exceeding the observed value 
observation of t (in case of the hypothesis of 
proportionality) 


Great Tit. Wageningen (1934-1942) . 9 0,0012 
Blue Tit. > (1925-1942) . 17 0,023 
Great Tit. Hulshorst (1941-1951) . 9 0,0063 
Blue Tit. a (1941-1951) . 8 0,016 
Coal Tit. 3 (1941-1951) . 9 0,0063 


1 Moreover, in the Hulshorst data the area of the observed pinewood is not the 
same every year. We replaced the observations by fictitious observations in a wood 
of the mean area, by enlarging or reducing the number of tits proportional to the 


area. 
2 Cf. M. G. Kenpaut (1948) Rank correlation methods. London. 
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INTRODUCTION 


La pécherie destinée a la consommation propre ou locale a coutume 
de donner chez les peuples autochtones des résultats réguli¢rement 
satisfaisants. Par contre, si la pécherie est exercée comme un métier 
et qu’on s’efforce continuellement d’augmenter sa production des 
difficultés se presenteront tdt ou tard. 

Anticipant sur les faits a discuter, on peut affirmer que, quand on 
part d’une pécherie stationnaire, c.a.d. d’une pécherie a activité et 
rendement constants, et qu’a un moment donné on emploie un plus 
grand nombre d’engins de péche, on provoquera immédiatement une 
augmentation de la production. ‘Toutefois, a cause de la décimation 
du stock de poissons, ce succés sera suivi par une diminution graduelle 
de la production en poids, jusqu’a ce qu’un nouvel équilibre entre la 
pécherie et le stock de poissons soit atteint. Si on a a faire a une exploi- 
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tation peu intensive, une série d’augmentations soudaines de l’activité 
aboutira successivement a des équilibres plus productifs jusqu’a ce 
que les nouveaux équilibres produisent toujours de moins en moins 
de poisson. Ceci est démontré graphiquement dans la fig. I. 

Pratiquement, on n’attend généralement pas d’augmenter le nombre 
des engins de péche jusqu’a ce qu’un nouvel équilibre se produise. 
D’ailleurs les majorations de l’activité des péches sont plutét eraduelles 
que soudaines de sorte que I’épuisement des ressources est caché par 
des succés temporaires. Ainsi il peut arriver qu’on ne se rend compte 
a temps que I’industrie se dirige vers un point mort. 


aunidva——> 


ae TEMPS ——> 


Ce probleme est devenu aigu pour la premiére fois au sujet de la 
péche au chalut en Mer du Nord. Toutefois, dans cette aire l’étude de 
cette question est fort compliquée étant donné que plusieurs pays 
exploitent la Mer du Nord avec toutes sortes d’engins et de navires. 
En outre, a chaque instant, de nouvelles régions de péche ont été 
englobées dans la pécherie. De plus, les améliorations techniques et 
les fluctuations dans la conjuncture du marché ont ici compliqué da- 
vantage les écarts. 

Un exemple plus élémentaire nous est donné par M. GRAHAM (1929), 
traitant la pécherie du Ngege (Tvlapia esculenta Graham) dans deux 
baies (chacune ayant de 30 a 50 milles de largeur) sur les cétes oppo- 
sées du Lac Victoria en Afrique orientale. Les deux baies sont séparées 
par un espace d’eau de 200 milles, trop profond pour cette espéce de 
poisson, tandis que le fond de ces deux baies présentait des conditions 
vitales analogues. 

Dans la premiére baie, la Baie Kavirondo, on a péché commerciale- 
ment avec 250 filets maillants importés (largeur des mailles de 5 pou- 
ces), ce qui donna chaque nuit 1.250 poissons, de sorte que chaque 
filet en captura 5 en moyenne par nuit. 

Dans la seconde baie, la Baie Emir Pasha, une tribu de négres vivant 
dans cette région ne péchait que pour sa propre consommation au 
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moyen d’une sorte de nasse. La péche ne totalisa pas plus de 100 
poissons par nuit. GRAHAM employa ici ses filets maillants et captura 
avec chacun de ceux-ci en moyenne 27 poissons par nuit. Ces prises 
correspondaient a peu prés avec celles obtenues dans la Baie Kaviron- 
do, quand on avait péché pour la premicre fois, en 1914, avec ce genre 
de filet et lorsqu’on avait recommencé en 1918, aprés une interruption - 
de quelques années. Les résultats étaient alors d’environ 25 unités par 
nuit et par filet. On pouvait aisément arrondir a ce chiffre le 27 de la 
péche expérimentale. 

On peut en conclure, que la densité du stock de poissons dans la 
Baie Emir Pasha était cing fois plus grande que celle de la Baie Kavi- 
rondo. Les chiffres de la capture par filet et par nuit peuvent étre 
considérés comme étant en proportion avec les densités des deux po- 
pulations de poissons. 

De ce qui précéde, on en arrive au tableau suivant: 


Densité du stock Capture totale par nuit 


Baie Kavirondo — pécherie aux filets maillants . ‘5? 1.250 
Baie Emir Pasha — pécherie 4 la nasse. . . . . . 25) 100 
(27) 


Comme la pécherie avait été stationnaire dans les deux baies pendant 
un certain nombre d’années, GRAHAM avait des raisons de supposer 
que les captures habituelles étaient en équilibre avec la production 
locale de poissons. Les captures futiles de la pécherie a la nasse étaient 
donc en équilibre avec la production de la population qui n’était qu’a 
peine décimée, tandis que la péche plus active de la Baie Kavirondo 
était constamment capable de donner des résultats plus remunérateurs. 
Remarquablement il parait que le stock le plus dense était en équilibre 
avec la plus petite récolte. On pourrait dire que la Baie Emir Pasha 
souffrait de sous-exploitation. 

En outre, il est universellement connu, qu’une pécherie par trop 
active méne aprés un laps de temps a un faible profit stationnaire et 
notamment a des captures de poids réduit comprenant surtout de 
poissons non adultes, ce qui est caractéristique de sur-exploitation. 

En combinant cette constatation avec l’expérience de la Baie Emir 
Pasha, nous arrivons a la conclusion qu’une pécherie d’intensité moy- 
enne donnera a la longue les meilleurs rendements. Si l’activité de 
la péche est telle qu’elle stimule le stock de poissons a la plus grande 
production possible, alors nous pouvons parler d’ une exploitation rationelle. 

Si on pourrait disposer de l’expérience de plusieurs équilibres de 
péche d’un certain stock, l’intensité d’exploitation qui donne a la 
longue les meilleurs résultats, se manifesterait d’une maniére purement 
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pratique. Toutefois, une expérience aussi étendue n’est pas ou est a 
peine réalisable et par conséquent nous sommes amenés a une analyse 
des modifications que le stock de poissons subit par lexploitation. 

Pour toutes les considérations sur l’exploitation, qui seront données 
dans les chapitres suivants, chaque espéce de poisson est étudiée sépa- 
rement. L’espéce en question (ou variété), sa maniére de vivre (par 
exemple: reproduction et migration) ainsi que l’aire (plus ou moins 
limitée) du stock de poissons sont pour cette étude supposées comme 
étant connues. 


SCHEMA ELEMENTAIRE NEGLIGEANT LA MORTALITE 
NES RoE a nie aA © RIOTS S AUN © Ee lINED i Wali Ui ie le 


Les considérations les plus élémentaires ont été données par W. F. 
THOMPSON (1937), ot il ne tient pas compte de la mortalité naturelle 
ni de la croissance des poissons. 

Comme l’exemple le plus simple, il prend la pisciculture dans un 
étang. Au début de la premiére année, on commence, disons, avec 
1.000 jeunes poissons. A la fin de la premiére année, tous les poissons 
(1.000) sont capturés et remplacés par 1.000 jeunes poissons. L’exploi- 
tation commence donc la seconde année de nouveau avec un stock de 
1.000 unités. Ceci peut étre continué indéfiniment. Si le pisciculteur 
veut s’abstenir pour une année de vendre et garder le poisson aprés 
la premiére année dans un second étang, il pourra de nouveau vendre 
chaque année suivante 1.000 poissons, qu’il aura gardé deux ans dans 
ses €tangs; son stock de poissons est alors de 2.000 individus. Si le 
pisciculteur voudrait s’abstenir de la vente pendant plusieurs années 
en maintenant son apport régulier de 1.000 jeunes poissons par an, il 
pourrait, aprés cette période, faire une récolte annuelle de 1.000 pois- 
sons plus agés et en méme temps garder un stock plus grand. 

Finalement, il pourrait laisser le premier lot dans l’étang avec les 
jeunes poissons, et ainsi de suite. Cet exemple, ot le poisson plus agé 
reste dans le méme étang, commence a ressembler aux circonstances, 
qui se présentent dans une pécherie. Un exemple numérique nous 
montre clairement, ce qui se passe quand cette population est soumise 
a une exploitation constante. : 

Dans la moitié gauche du tableau ci-dessous, le premier lot qui 
vient d’étre apporté est noté a la premiére ligne comme 1.000 unites. 
La ligne suivante montre ce qui arrive au premier lot aprés une annce 
avec une exploitation de 80%; 200 poissons de ce lot restent dans 
l’étang et 800 en sont retirés. Les lignes suivantes donnent l’évolution 
de cette théorie. Avec un rapport d’alevins et avec une exploitation 
constante, une certaine classe d’Age a la méme importance numérique, 
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qu’avait la classe d’un an plus agé, il y a un an. La premiére colonne 
du tableau est donc l’image de la composition d’age de la population. 


Age Stock ones Stock are 
WY seen tte are 1.000 - 1.000 - 

Ue cotta sacle 200 800 500 500 
HIN, win Batten ae 40 160 250 250 
Veg rece 8 Be 125 125 
Vane cuore 2 6 63 63 
Vile TS Ce eecuke’ = 2 31 31 
eu ect ete 16 16 
AVAIL Ceaser ocr 8 8 
LEXe ae aes ee 4 4. 
ye om eu as 2 2 
XI I I 

Atotaliecets pees a 1.250 1,000 2.000 1.000 


Ainsi nous voyons que dans la moitié gauche du tableau, avec un 
apport annuel de 1.000 poissons et avec une capture annuelle de 80% 
le stock de poissons s’éléve a 1.250 individus et la capture stationnaire 
a 1.000. De la méme maniére dans la moitié droite du tableau, nous 
constatons qu’avec un apport annuel de 1.000 poissons et avec une 
capture annuelle de 50%, le stock s’éléve a 2.000 poissons et la capture 
stationnaire a 1.000. 


En général, on peut dire, que d’une nouvelle classe d’age de N individus, une 
partie fp est capturée, de sorte qu’aprés la saison de péche, il en reste (1-p):.NV. La 
classe d’age qui a été apportée dans |’étang un an plus tot a subi le méme sort un an 
plus t6t et au cours de la seconde année une partie p des survivants a été capturée, 
de sorte que de cette classe, il en reste (1-p)?- V. A ce moment de la classe d’4ge qui 
est encore d’un an plus Agé, il en restera (1—p)*- WN etc. 

La diminution du nombre d’individus, qu’on trouve dans les différentes classes 
d’age, doit donc avec un apport constant, une péche constante et absente de morta- 
lit€é naturelle suivre une progression géométrique (1—p). Le stock total S, c.a.d. le 
nombre total des poissons dans I’étang avant chaque péche, est alors égal a 


S = N + (1-p)*\N+ (I-p)?? V4... =e 


I] s’ensuit que le stock total est inversement proportionnel a la capture relative p. 
En cas stationnaire 4 p constant, la capture C, c.a.d. le nombre de poissons capturé 
annuellement, est égal au nombre de l’apport annuel, C = p:S =WN. 


Un tableau numérique nous montre, ce qui arrive avec un apport 
annuel de 1.000 individus et une capture stationnaire de 50%, (donc 
d’un stock de 2.000), qui passe soudainement a une capture de 80%. 

Ceci est démontré dans le tableau ci-aprés. 
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Classe age Ans 


I 2 3 4 5 6 7 8 
Lo. = =. =) 000) 1000) 12005 “~Z.000 F000 “7000 “7.000 F060 
NIRS Teeter ee self 018 500 500 200 200 200 200 200 
Wie ee Sieur, 8 SX) 250 250 100 40 40 40 40 
BN hin Dk ace Samegehia 125 125 50 20 8 8 8 
VE ik ae ese 63 63 63 25 10 4 2 2 
WAP Mat Gace oe 31 31 31 12 5 2 I 
SET Ok once On Ser 16 16 7 2 1 
NTN noone ere ce 8 8 8 3 I 
TENG sete el dses 4 4 4 2 
XE Paine ata: 2 2 2 I 
6 Ree I I I 
Stock % 54 = = 2.000) £000 ~2'000 41-400\ 71-2805 9:256 251 1-050 
Capture . . . . 1.000 1.000 1.000 1.600 1.120 1.024 1.004 1.000 
Exploitation. . . 50 % | 80% : 


Une exploitation plus intensive provoque donc un succés de courte 
durée, tandis qu’aprés quelques années la capture tombe 4 nouveau 
au nombre qui doit étre équivalent (pour tout équilibre) aux apports 
annuels du nombre d’alevins (du moins si nous négligeons la mortalité 
naturelle). 

Pour un degré d’exploitation plus grand, le stock a une valeur 
d’équilibre plus basse, ce qui se réfléte dans les faibles moyennes des 
captures journaliéres par unité d’engin de péche. 

Si élémentaires que ces exemples puissent paraitre, ces principes 
fondamentaux en deviennent quand-méme compréhensibles. Cepen- 
dant, par suite de sa simplification, cette théorie ne peut pas rendre 
compte du fait, qu’il y a une intensité de péche qui peut fournir a la 
longue un poids maximum de produit. D’ailleurs la croissance des 
poissons ainsi que leur mortalité naturelle a été négligée dans cet 
exposé. 

LES QUATRE FACTEURS 
AGISSANT SUR UNE POPULATION EXPLOITEE 


C’est RusseLy (1931) quiaattiré l’attention sur le fait que le poids @un 

stock de poissons est influencé par quatre facteurs (abstraction faite 

de l’émigration et de immigration), a savoir: un accroissement du 

poids par l’arrivée annuelle de la jeune génération et par la croissance 

individuelle des poissons; une diminution du poids par la mortalité 

naturelle et par la capture. RusseLt en donna I’équation suivante: 
W,=W,+R4+G-M-F. 

= poids d’un stock de poissons 4 un moment donné. 

= poids de ce stock aprés un an. 

accroissement du poids par l’arrivée de la jeune génération. 

= accroissement du poids par la croissance individuelle des poissons. 

= diminution du poids par la mortalité naturelle. 

= diminution du poids par la capture. 


BEQCSS 
I 
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A V’état stationnaire, les modifications s’annulent l’une l’autre: 
k= 


Examinons maintenant, comment on peut évaluer les quatre valeurs fondamen- 
tales: accroissement, croissance, mortalité naturelle et capture. 

La valeur la plus facile a obtenir est le poids de la capture. Ceci est donné par la 
statistique des apports. 

Evaluer la mortalité naturelle est beaucoup plus difficile et doit se faire indirecte- 
ment. En surveillant 4 quel degré l’importance numérique des classes d’age décroit, 
on arrive A l’évaluation de la partie du stock qui disparait et par la mortalité natu- 
relle et par la capture. D’une autre maniére, on obtient la partie qui est capturéce et 
la différence de ces deux résultats donne la partie du stock qui disparait par la mor- 
talité naturelle seule. Puisque le poids total des captures est connu, on peut aussi 
calculer la perte de poids causée par la mortalité naturelle. 

A cette fin, des échantillons des captures commerciales sont continuellement 
étudiés au point de vue de la taille, du poids et de l’age. L’age est déterminé par la 
lecture des anneaux d’hiver sur les écailles ou sur les otolithes. Les mensurations 
établissent le rapport entre l’Age et la longueur (ou le poids). Ce rapport peut étre 
controlé par la méthode PeTEeRsEN (1895), par le mouvement des maxima dans la 
distribution des fréquences de longueur au cours de l’année. S’il s’avére impossible 
de lire directement |’Age sur les parties dures du poisson, om dépend alors tout a 
fait de la méthode PerEerRsEN. Ainsi on peut se former une idée de la composition 
d’age des captures. 

Avec un apport stationnaire de jeunes classes d’Age et une mortalité stationnaire, 
la diminution de la fréquence relative des classes d’Age plus agées dans les captures 
donnerait la possibilité d’évaluer la partie du stock de poissons qui survit annuelle- 
ment, donc une évaluation de la mortalité totale, c.a.d. la somme de la mortalité 
naturelle et de la capture. Il va de soi que, dans ce cas, il faut seulement tenir 
compte des classes d’Age, dont les individus sont déja si grands, qu’ils ne peuvent 
plus s’échapper a travers les mailles du filet. Sion a a faire avec des apports de jeunes 
poissons forts variables (comme c’est le cas pour le hareng norvégien et pour certaines 
espéces de Gadidae dans la Mer du Nord), alors il faut surveiller pendant quelques 
années la décimation d’une (ou de plusieurs) classes d’Ages dans les captures com- 
merciales. Ici aussi, il faut seulement envisager les classes d’Age, dont les poissons ne 
peuvent plus echapper a travers les mailles du filet (JAaKson, 1939). 

Afin @arriver a une évaluation de la proportion du stock qui est capturée an- 
nuellement, on applique la méthode de marquage de poissons. Si les poissons mar- 
qués se trouvent aprés un laps de temps dans les captures commerciales, ils sont remis 
par les pécheurs contre une récompense. Le nombre de ces récaptures pendant une 
période déterminée peut nous renseigner quelle partie du stock est capturée durant 
cette période en supposant que les poissons non marqués sont capturés dans la méme 
proportion que les poissons marqués. 

En vertu de ce qui précéde, nous savons déja quelle partie disparait annuellement 
par l’ensemble de la mortalité naturelle et de la capture et si les expériences de mar- 
quage démontrent quelle partie est capturée, alors la différence entre ces deux pro- 
portions donne la partie qui disparait par la mortalité naturelle seule. En combinant 
ces nombres proportionnels et le poids total de la capture annuelle, on peut ainsi 
évaluer le poids des poissons éliminé par la mortalité naturelle, procédé dont nous 
avons deja fait allusion ci-dessus. 

Le poids total du stock peut étre obtenu en combinant la proportion des poissons 
marqués qui est récapturee et le poids de la capture annuelle tctale. En tenant compte 
de la moyenne du poids individuel, ce résultat peut aussi étre exprimé en nombres. 
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Pour les espéces de poissons ayant des ceufs pélagiques, il y a une autre maniére 
pour évaluer la méme grandeur. Détermine-t-on par exemple sur un réseau de sta- 
tions couvrant toute la région de ponte le nombre d’ceufs par unité de surface a 
Paide d’un filet de plancton verticale, il est possible de calculer le nombre total 
d’ceufs évacués dans la région. Connait-on le nombre d’ceufs quw’une femelle pond en 
moyenne, on peut calculer le nombre total de femelles qui ont pris part a la ponte et 
comme ces femelles forment une partie déterminée du stock total de poissons, il est 
aussi possible de calculer tout le stock. Ceci a été fait pour la premitre fois par 
BucHANAN-WOLLASTON (1926) pour la plie dans la région méridionale et centrale 
de la Mer du Nord. D’aprés les deux méthodes on est arrivé A une évaluation de 
2 a 300.000.000 d’individus. 

En combinant la valeur numérique relative de la plus jeune classe d’age et le 
nombre total de poissons du stock, on arrive a évaluer le recrutement. 

Le rapport entre l’Age et la longueur (ou le poids) des individus se révéle en 
mesurant (ou en pesant) des individus de différentes classes d’age. Au surplus il y a 
une autre méthode de pouvoir déterminer la croissance individuelle: les expériences 
du marquage peuvent étre utilisées 4 la résolution de ce probleme en mesurant les 
individus au moment de marquage et ensuite encore une fois lors de la seconde 
capture. En combinant les données sur la croissance individuelle, la fréquence 
relative des classes d’age et le nombre total d’individus, on peut estimer la croissance 
de la population. 


L’évaluation des facteurs dynamiques agissant sur une population 
exploitée, a donné naissance a une littérature trés étendue et un apercu 
moderne de ce sujet a été donné par RickER (1948). Notre exposé 
assez €lémentaire des méthodes ne veut que démontrer que les quatre 
termes nécessaires pour dresser la balance de RussELL deviennent 
accessibles en principe par des recherches statistiques et biologiques. 
Toutefois, la dépendance réciproque biologique des quatre quantités 
R, G, M et F est trop incomplétement exprimée dans |’équation de 
RussELL pour qu'elle puisse expliquer le fait que l’équilibre de la 
production montre quelque part un maximum pour une certaine in- 
tensité d’exploitation. 


APPLICATION 
DU PRINCIPE DINTERET COMPOSE CONTINU 


Au premier développement de la théorie de la péche on a commencé 
par caractériser la capture par la partie du stock, qui est capturée 
annuellement!. De la méme facon les autres principes de gain et de 
perte étaient déterminés par la fraction du stock, qui était impliqué 
annuellement dans le mouvement considéré. 

Considére-t-on, que tout poids produit en plus d’un stock croissant, 
participe a son tour a la production, et que toute perte entraine une 


; : 3 

1 Au cas ot. le mouvement annuel de gains et de pertes soit grand, ou qu’une 
période de plus longue durée soit considérée, cette fraction pourrait bien surpasser 
Puniteé. 
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privation de production, on en arrive a penser a un processus dznlérét 
compose. 

Pour d’autres raisons aussi, l’ancienne formule donnait lieu a des 
changements. Un poisson, une fois capturé, ne peut plus aprés coup 
subir une mort naturelle. Si exploitation est intensive, alors un grand 
nombre de poissons ne connaitra pas une mort naturelle. Un poisson, 
qui, par exemple est capturé en janvier, serait pendant le restant de 
l'année considéré a tort comme candidat pour une mort naturelle, 
on sous-estimerait le nombre de poissons pouvant subir une mort na- 
turelle. I] serait plus correct, de clore de temps en temps les calculs 
et d’en recommencer un nouveau lot. En divisant l’année en un nombre 
infini de périodes trés courtes, la difficulté disparait totalement. 

Par ce qui précéde, il est souhaitable de considérer tout le processus 
comme €tant un cas d’intérét composé continu. 


En peu de mots le produit d’un intérét composé continu donne |’équation suivante. 
Si le taux d’intérét est égai 4 une partie p ou 100° %, l’interét simple d’un capital 
Fest alors d’un montant pX par an; en ajoutant annuellement l’intérét au capital K, 
il est devenu 
K- (1 + p) aprés une année, 
K- (1 + p)? aprés deux années, 
K- (1 + p)' aprés ¢ années. 


Si les additions d’intérét se font deux fois par an, le capitals’élévea K- (1 + ae 


aprés une année; 7 fois par an, le capital s’éléve aprés une année A 


mw. 
om anels ee eee 


n 


pb 


Pour n> oo ceci devient K-e?. Aprés t années Ke, Ceci est valable tant pour les 
valcurs positives que négatives de p. 


L’intensité d’une pécherie se caractérise par la capture totale pour 
Punité de temps. Suivant le choix, ceci s’inscrit en nombre ou en poids. 
Si Pintensite est variable, il faut la mesurer pendant une trés courte 
période; c.a.d. il faut diviser la capture de cette période trés courte 
par la durée de cette période. 


Mathématiquement cela s’écrit comme un quotient différentiel. dN étant le nom- 
bre de poissons qui est capturé pendant le temps di, l’intensité de la pécherie est 


dN 


donnée par —. 


dt 
On peut aussi tenir compte du poids de la capture. SidW est le poids de la capture 


pendant le temps dt, alors l’intensité de la pécherie est égale a a 
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L’intensité de la péche peut donc étre regardée comme une partie du 
stock. Quand on procéde a évaluer cette partie, on arrive au taux 
@intérét composé continu. 


é lca sNi 
Si on calcule en nombre, on arrive a NO a = p. ot Nest le nombre d’indivi- 
a 
dus du stock. 
re é 1 dw ; 
Sil en va du poids, ape ou W est le poids du steck. 


Une fois parti a la recherche pour exprimer plus complétement les 
modifications, que subit un stock exploité, on est arrivé 4 déterminer 
Paugmentation ou la diminution du poids par les quatre facteurs men- 
tionnés ci-dessus sous une forme d’intérét composé. Nous avons alors 
a faire avec quatre taux d’intérét 7, g, m et /, ou les gains et les pertes 
en poids de RussELL en sont respectivement la conséquence. 


Ceci.s’exprime par: Wi = W,-e “7 &—™ gee 
(BUCKMANN. 1938). 

A Pétat d’équilibre, on ar + g = m+ f puisque e® = 1. 

Cette équation n’est point encore idéale, par ce que les quatre in- 
fluences ne se font pas sentir d’une maniére également forte pendant les 
différentes saisons. A ceci, on pourrait remédier en considérant les taux 
d’intérét comme des variables périodiques en fonction du temps. 

Au lieu de W; = Wy:e "TE —™—P) *? 

(+ g—m—f) + dt 
on pourrait écrire W; = W,-e¢ | ; 

Une difficulté majeure est en outre le 7, puisque chez la plupart des 
poissons Varrivée de la jeune génération est dans une large mesure (ou 
mieux dans un grand intervalle) presque indépendante du poids total 
du stock. 


LA PRODUCTION D’UNE 
POPULATION EN FONCTION DE SA DENSITE 


Résumons les taux d’intérét 7, g, et m comme étant un taux d’intérét v 
de croissance de la population, nous obtenons une grandeur, qui dépend 
largement de la densité de la population. 

Supposons qu’une population (disons par Pune ou lautre cata- 
strophe) tombe a un niveau trés bas; la croissance en poids de cette 
population serait d’abord minime, par manque de poids participant 
a la production, soit par croissance, soit par reproduction. Aussi la 
capacité de production augmentera au fur et a mesure de la reconsti- 
tution du stock. Ensuite, on voit que cette capacité de production 
potentielle ne peut plus se réaliser totalement. Cette limitation de la 
croissance se fera sentir davantage avec |’augmentation du poids total 
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du stock, jusqu’a ce que l’accroissement du poids s’arréte complete- 
ment, quand le maximum est atteint ce qui est possible dans le milieu 
déterminé. Donc, pour un poids médiocre la croissance du stock est 
le plus grand. 

Plusieurs auteurs considérent le taux inconstant v de l’intérét de croissance naturelle 


de la population comme proportionnel avec la différence du poids maximum C' de 
la population inexploitée et le poids W de la population 4 un moment donne. 


1 dw dw 
: hee Y ——}] =k-(C_W)-W. 
W ( FF ) k-(C-W) ou ( a 9 ( ) 


ou k est une constante (voir GAUSE, 1934). 
Cette forme est symmétrique a l’égard de (C-W) et de W. 
De ceci, il s’ensuit que la croissance atteindra son maximum avec CG = 2W. 


L’idée fondamentale de Hyorrc.s. et GRAHAM est celle-ci: sil y a un 
certain poids total du stock, ot sa croissance est a son maximum, alors 
par une exploitation stationnaire on pourrait maintenir cette situation 
favorable, ce qui assurerait 4 jamais la plus grande production possible. 

Cette idée est surprenante par sa simplicité et par sa clarté, mais la 
mise en pratique se heurte a une difficulté. En effet, la croissance d’une 
population dans ses différents stades est peu accessible a calculer. 
D’aprés les recherches de Kiem (1933) sur les populations de cellules 
de levure, la croissance serait maximale quand le poids atteint la 
moitié de sa valeur maximale. Appliquant ces résultats sur les stocks 
de baleines et des poissons, ceci n’est plus convainquant. L’exactitude 
de cette supposition a ainsi été le sujet de beaucoup de discussions et 
Von BERTALANFFY (1934, 1938) était plutdt enclin 4 admettre une loi 
pour la croissance individuelle, qui donne une croissance maximale 
pour un peu moins d’un tiers du poids maximum. 

Abstraction faite de cet inconvénient d’ordre pratique, une inexac- 
titude s’abrite dans le raisonnement de Hyorr c.s. et de GRAHAM. Une 
population tenue constante par une exploitation montrera notamment 
une autre composition d’age, qu’un stock qui s’accroit sans entraves 
et qui a atteint le méme poids. Si la croissance des poissons n’est pas 
constante au cours de leur vie, il n’est plus nécessaire que la capacité 
de production du stock exploité soit égale 4 celle du stock du méme 
poids, qui se développe librement. 


L’ACTION CONTRAIRE DE LA GROISSANCE 
INDIVIDUELLE ET DE LA MORTALITE NATURELLE ET LE 
STADE CRITIQUE OU SE CHANGE LEUR PREPONDERANCE 


Les difficultés précitées peuvent étre évitées en partant d’un point de 
vue tout a fait different. On peut suivre comment se change le poids 
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total dun groupe d’individus, qui 4 un moment donné commencent 
leur développement a l’éclosion de V’ceuf. 

Au cours du temps le poids total du groupe n’est point constant; 
il est plutét influencé par deux facteurs, agissant en sens contraire, 
la croissance individuelle et la mortalité naturelle. Pendant la jeunesse 
le gain par croissance surpasse la perte par mortalité, de sorte que le 
poids total s’augmente. 

Dans Page avancé cependant, la croissance devient de plus en plus 
faible tandis que la mort augmente, pour frapper a la fin le dernier 
des survivants, réduisant ainsi le poids du groupe a zéro. 

Par suite de ces considérations il est évident que dans un Age inter- 
médiaire, il y a nécessairement un stade critique ot le gain s’égale a la 
perte et le poids total atteint son maximum (HERRINGTON, 1944; voir 
RICKER, 1945). 

Dans la pratique de I’élevage des plantes ou des animaux on dirait 
qu’a ce stade le produit est mir et prét a étre cueilli ou abattu. Analo- 
giquement on pourrait dire qu’une pécherie pourrait rapporter un 
rendement maximal de poissons en capturant radicalement le groupe 
au moment ow il atteint le stade critique, c.a.d. en péchant af = oo 
en son temps. 

Il va sans dire, qu’une telle péche exigerait un équipement énorme 
ce qui la rend irréalisable ct injustifiable d’un point de vue économique. 
Au lieu de s’en tenir a ce précepte a base théorétique, il faut donc 
arriver a4 un compromis en entretenant une péche a intensité prati- 
quable. Comme il est impossible de tuer tout le groupe au stade criti- 
que, il faut se contenter d’en tuer une partie trop tét et une autre 
partie trop tard. On pourrait employer des filets dont la largeur des 
mailles impliquerait les poissons dans la pécherie bien avant d’atteindre 
leur stade critique. L’application de cette largeur des mailles donne- 
rait une capture maximale, quand la péche serait maintenue a une 
telle intensité, que la somme des pertes par privation de croissance et 
par excés de mortalité serait restreint au minimum. 

Si économie impose une restriction plus forte a ’équipement, cela 
implique l’urgence d’entretenir une intensité de péche plus faible. 
Cette intensité faible étant donnée, on peut réduire les pertes au mi- 
nimum en réduisant la mesure des mailles, et ainsi de suite. Il s’en suit 
une relation entre l’intensité de la péche et la mesure recommandable 
des mailles. Par ces considérations simples et claires, RICKER (1945) a 
donné l’explication du phénoméne de la capture maximum, en méme 
temps reliant la notion de sous- et de sur-exploitation a l’age lors de 
la premiére capture. 

L’application de ce principe exige un examen scrupuleux de la 
croissance et de la mortalité au cours de la vie des poissons. Aussi 
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Ricker a donné son attention au développement des méthodes con- 
venables a servir a ce but. Enfin la croissance et la mortalité peuvent 
bien dépendre de la densité de la population, de sorte qu’il faut faire 
les déterminations dans des circonstances a densités différentes, afin 
d’éviter une extrapolation dans l’application de sa théorie. 

Quel que soit la clarté de cette théorie 4 grands traits, une compli- 
cation s’introduit 4 cause de la variation individuelle de la croissance: 
l’action sélective des filets s’effectue selon la taille des poissons et point 
selon leur Age. D’ailleurs, la précision des effets de la privation de 
croissance et de l’excés de mortalité exige des calculs qui s’étendent a 
perte de vue. Une tentative plus directe de se rendre compte des 
résultats des diverses régimes de péche pourrait étre essayée en calcu- 
lant le poids total des captures, qu’une classe d’4ge pourrait fournir 
pendant les années de son existence. 

Cependant, avant de suivre cette voie, nous préférons présenter 
analogue de la pensée de Ricker, en appelant l’attention sur l’assu- 
rance d’une reproduction indemne, qu’exige une exploitation station- 
naire. 


LA DEMANDE QU’IMPOSE 
LA REPRODUCTION AU REGIME DE LA PECHE 


Tous les régimes de péche, traités jusqu’ici, donnent a la longue un 
équilibre a rendement stationnaire quelconque. II en est autrement, 
quand la capture est a la fois si précoce et si intensive qu'une généra- 
tion ne trouve plus Poccasion d’assurer une progéniture capable de 
reprendre une reproduction au méme plan. Un tel régime ne permet 
aucune stabilisation et l’épuisement devient inévitable. 

Chez la plupart des espéces de poissons, la ponte est si abondante 
et si précoce, que dans un intervalle assez étendu le nombre d’alevins 
est presque indépendant de la décimation de la population. Toutefois 
il arrivait que pour l’aiglefin de la Mer du Nord et pour la plie de 
la Mer Baltique, la production d’ceufs resta en dessous du niveau a 
cause d’une exploitation trop poussée. Pour la période 1918-1930, il 
s'avérait pour l’aiglefin de la Mer du Nord, que quand une génération 
jeune de 1.000 alevins aurait l’occasion de produire 34.000.000 
ceufs, la reproduction serait assurée. BAERENDS (1947) a pris ces faits 
comme point de départ pour en arriver a des mesures convenables afin 
d’éviter une décimation de plus en plus désastreuse. 

On pourrait prescrire une taille minimum, par laquelle la nouvelle 
génération ne serait exploitée avant qu’elle ait produit le nombre 
Woeufs requis et par aprés capturer radicalement toute la classe d’Age. 
On pourrait aussi fixer une taille minimum un peu plus petite et alors 
maintenir lexploitation a un niveau assez modéré pour que la pro- 
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duction du nombre d’ceufs soit encore justement atteinte. On pourrait 
fixer également une taille minimum encore plus petite et alors pécher 
prudemment, mais a nouveau assez maitrisé pour que la production 
du nombre d’ceufs nécessaire soit encore atteinte. Chaque mesure mini- 
mum correspond donc a un taux maximum tolérabled’intérét decapture. 

Ce raisonnement ressemble beaucoup a celui de Ricker et les rela- 
tions qui s’en découlent, prennent la méme forme; tous les deux don- 
nent des combinaisons d’une taille minimum et d’une intensité de 
péche. On pourrait les mettre en diagramme lun a coté de l’autre. 
Pour cela on pourrait se servir d’une abscisse indiquant l’intensité de 
péche (de f= o jusqu’a f = 00) et d’une ordonnée indiquant l’age 
auquel le poisson atteint la taille moyenne, dont il est question. Ainsi 
chacune des relations pourrait étre représentée par une courbe qui va 
en montant vers son extrémité d’ot' f = oo. 

‘T'andis que la courbe de Ricker représente une série de combinai- 
sons recommandeées, la courbe de BAERENDs démarque la borne d’une 
aire fatale; pour toute combinaison de taille minimum et d’intensité 
de péche au dessous de la courbe de BAERENDs, le stock s’achemine 
vers l’épuisement. 

Vu que la pratique de la péche démontre qu’en général ce n’est pas 
la reproduction qui forme le hic d’une exploitation, la courbe de 
Ricker doit étre située ordinairement au-dessus de celle de BAERENDs. 
Ainsi, en ce cas, qui est heureusement le plus commun, rien ne s’oppose 
a se tenir a la courbe de Ricker. 

Cependant, pour compléter la théorie, il faut envisager la possibilité 
ou la courbe de Ricker est située (soit en partie, soit en total) au-des- 
sous de celle de BAERENDs. En ce cas ce serait désastreux de se tenir 
aux recommandations de Ricker. Alors il faudrait recourir au calcul 
du poids total des captures, qu’une classe d’4ge pourrait fournir au 
cours des années. Ainsi on pourrait s’orienter de nouveau parmi les 
possibilités de rendement que promettraient les combinaisons du cété 
stir, au dessus de la courbe de BAERENDs, pour en choisir la meilleure. 


LVEVALUATION DU POIDS TOTAL DES CAPTURES FOURNIES 
PAR UNE CLASSE D’AGE AU COURS DE SA VIE OU PAR UNE 
POPULATION SOUS EXPLOITATION STATIONNAIRE 


Les considérations qui ont été données dans les chapitres précédants 
sur la croissance d’une population en fonction de sa densité, et sur les 
pertes qu’entraine la capture graduelle d’une classe d’age, ont bien 
aidé a éclaircir quelques aspects de la notion de la capture optimale. 
Cependant, ces considérations ne se prétent pas a évaluer des résultats 
numériques, dont on a besoin pour arriver a la prescription d’un cer- 
tain régime de péche. Nous verrons qu’il en est autrement avec la 
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méthode, ot on procéde a évaluer le poids total de la capture, que 
pourrait fournir une population exploitée. Vu que les mérites de toute 
administration de péche dépendent du rendement annuel qu’on en 
peut attendre a la longue, cette voie s’approche le plus directement de 
la solution de notre probléme. 

En suivant la décimation d’un groupe d’individus du méme age 
au cours du.temps, on trouve que pendant la premiére partie de leur 
vie leur nombre est seulement réduit par la mortalité naturelle; une 
fois que la génération atteint le stade, qui ’implique dans la pécherie, 
la mortalité par la capture s’y ajoute. 

Si les quatre taux d’intérét sont connus pour tous les stades de la 
vie des poissons, alors on peut calculer pour chaque époque de l’exis- 
tence d’une classe d’age le nombre d’individus décimés, le poids indi- 
viduel des poissons ainsi que le poids des captures. En additionnant 
les captures pour toutes les époques, on obtient le poids total des cap- 
tures que produit cette génération. Pour une exploitation stationnaire 
ceci est égal a la capture de la population, ot toutes les classes d’age 
sont a la fois présentes. Pour le calcul du poids des captures station- 
naires d’une population, on peut donc suivre les prises d’une classe 
d’age depuis le moment ot le poisson intervient dans la pécherie. 

Au point de vue historique, il est intéressant d’apprendre que déja 
en 1918 BaRANov a publié un article (en russe), dans lequel il a tenté 
de trouver une solution par cette voie?. Ce n’est que vingt ans plus 
tard, que le dit article a été traduit en anglais et par 1a il a été possible 
d’en prendre connaissance au dela de la Russie. Récemment Hott et 
BEVERTON, s inspirant de oeuvre de BARANOov, ont donné au méme 
sujet un développement plus exact et amplifié. Pour cette raison nous 
nous en tenons a Horr et Beverron dans la suite de notre exposé. 

En résumé leur maniére de formuler est la suivante: Si N, représente le nombre 
dinvidus d’une génération au moment ow le poisson intervient dans la pécherie, 
Yw est le poids de la capture de cette génération au cours d’un certain laps de temps, et 
«, le poids moyen d’un seul poisson au temps ¢ (s’écoulant depuis le moment ou 


la jeune génération commence a tre péchée), alors le poids de la capture de notre 
_ groupe étudié dans l’intervalle de temps ¢, = n jusqu’a t, = n + 1 est égal a 


dV wv dN 
fae. ata fi FF Jyoti fie food 


CA 


= [eco fiftm)-a =f > wy: dt 


ev 


=n - 1 
= Mf fore StH) tg 


i =2 


2 Voir appendice. 
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Année par année on calcule le poids de la capture pour en faire finalement 
Vaddition. Si le nombre d’années est 4, nous arrivons a la formule suivante: 


n+1 


a-1 
> Yy = Nop > wore -[ (f+ m) > dt Sai 


n=0 
t=n 


D’aprés cette méthode Horr et BEVERTON ont pu, tout en calculant, 
arriver a l’évaluation de la capture totale pour toute une série d’in- 
tensités d’exploitation. Comme point de départ, ils choisirent les va- 
leurs qui étaient valables pour la pécherie de la plie dans la Mer du 
Nord. De ceci il découlait que, les autres valeurs étant fixées, une 
péche plus intensive donne d’abord lieu a un rendement stationnaire 
qui va en augmentant, et qui atteint assez vite son maximum pour 
diminuer lentement par aprés (Fig. IT). 

En faisant varier une a une les quantités données, ils obtinrent une 
notion de l’influence qu’excercent les différents facteurs sur l’allure 
de la courbe, notamment sur la position du maximum. 

Tout d’abord, il y a a signaler quel résultat est obtenu en attribuant 
des différentes valeurs aux facteurs biologiques, c.a.d. a l’importance 
numérique de la jeune génération, a la croissance individuelle et a la 
mortalité naturelle. 

Quant a la jeune géné- 
ration, une simple consi- 
dération nous révéle, que 
dans |’ état stationnaire, le 
nombre WN, d’alevins n’in- 
fluence pas la position du 
maximum. Or, imaginons 
une courbe pour un WN, de 
valeur donnée et ajoutons 
y les captures d’un deu- 
xiéme groupe tout a fait 
identique, ceci peut étre 
représenté par un redou- Taux d'intérét de capture ~—————> 
blement de la valeur de Fig. I. 

Véchelle sur ’ordonnée, ce qui démontre clairement que le maxi- 
mum ne se déplace point sur Vabscisse. La présence de classes 
riches ou pauvres ne peut donc pas étre la cause de sous-exploitation 
ou de sur-exploitation et ne justifie pas des changements dans Pactivite 
de la pécherie, si toutefois les autres facteurs (croissance et mortalité 
naturelle) ne dépendent que trés peu de la densité de la population. 

Un résultat différent est obtenu en variant la croissance. Une forte 

croissance fait augmenter le maximum avec une forte régression du 


Capture 
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rendement pour une exploitation plus intensive. La capture d’un pois- 
son, quand la croissance est forte, entraine une grande perte pour la 
production. Un redoublement annuel du poids individuel donne un 
sommet bien prononcé. L’équilibre optimum est alors trés vulnérable 
au point de vue de sous-exploitation ou de sur-exploitation et exige de 
la précision pour sauvegarder cet optimum. II est a signaler en outre, 
que dans un intervalle assez étendu pour les changements de croissance, 
le rendement maximum semble se situer trés prés du taux d’intérét de 
capture 0.25. 

Pour une mortalité plus réduite nous constatons le méme effet que 
pour une croissance plus forte; toute la courbe se trouve plus haut et le 
maximum devient plus prononcé. Pour des valeurs bien différentes de 
la mortalité naturelle, on trouve que le taux d’intérét de capture op- 
timum reste de nouveau tout prés de 0.25. 

Ces explorations arithmétiques sont bien utiles pour se faire une idée 
sur les possibilités que nous offrent les propriétés naturelles d’une 
espéce exploitée et la trouvaille que le méme taux d’intérét donne 
des résultats favorables dans de nombreux cas, est certainement remar- 
quable. L’interdépendance biologique des différents facteurs est ce- 
pendant négligée au cours de ces calculs. 

En premier lieu, il faut envisager une plus forte croissance indivi- 
duelle dans une population décimée, phénomeéne qui est connu pour 
les poissons démersaux. Ainsi une exploitation intense peut favoriser 
la croissance. En tenant compte de ceci, Hotr et BEVERTON estiment 
approximativement que le taux d’intérét de capture optimum provi- 
soire soit de 0.3 40.4 au lieu de 0.25 pour la plie dans la Mer du Nord. 

Aussi la mortalité naturelle dépendra de la densité de la population; 
elle diminuera dans une population décimée. Pour la pécherie de la 
plie le taux d’intérét de mortalité naturelle est évalué a 0.05. Il est 
évident, que ces modifications éventuelles de ce taux n’ont pas de 
conséquences graves sur le résultat final. 

Le développement plus poussé de cette théorie demande des calculs 
pour une courbe, ot il est tenu compte, pour une pécherie donnée, de 
la variation des facteurs, qui peuvent étre déterminés par la densité 
réduite de la population, résultant du régime d’une exploitation. Cal- 
cule-t-on le rendement pour un certain taux d’intérét de capture, il 
faudra donc le combiner avec les autres valeurs qui en dépendent, 
telles que la croissance et la mortalité naturelle. 

Jusquwici, cet apercu mathématique ne concerne que des facteurs 
qui sont donnés par la nature, ou sont tout au plus influencés secon- 
dairement par l’activité humaine. Le facteur qui reste encore A étre 
envisagé, est la taille du poisson, lors de la premiére capture, caractére 
qu’on peut régler a son gré par le choix de la largeur de ses mailles. 
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L*age appartenant a ce stade varie 4 son tour dans les calculs (la 
croissance et la mortalité étant fixées). Il s’en suivait qu une augmen- 
tation de cet age a pour effet, que le maximum devient d’abord plus 
grand et se déplace en méme temps a droite; enfin un Age plus avancé 
encore, fait abaisser la courbe du rendement. 

Tout ceci s’accorde parfaitement avec la relation de RICKER, con- 
cernant la largeur des mailles et le taux optimum de capture. Par 
suite de cette relation on peut prédire que la courbe que poursuit le 
maximum du rendement doit nécessairement monter a droite en repré- 
sentant le plus grand maximum 4 son extrémité d’ot' f = «; cet ex- 
trémité correspond au rendement le plus favorable que pourrait don- 
ner une capture soudaine au stade critique de HERRINGTON. 

Si une pécherie ne prenait les poissons que bien aprés leur stade 
critique, la courbe du rendement serait abaissée par suite de l’excés 
de mortalité. La perte pourrait étre réduite au minimum par une cap- 
ture soudaine; il s’en suit que pour les régimes de péche trop tardives, 
les courbes du rendement ont tous leur maximum a l’extrémité d’ou 
= OO: 

I] va sans dire, que pour effectuer des calculs plus achevés, il faut 
tenir compte de la variation des facteurs biologiques, correspondante 
a la réduction de la densité de la population, que pourrait entrainer 
chaque régime de péche. 

Pour chaque intensité de péche on pourrait alors choisir la taille 
minimum qui donne la combinaison la plus favorable. 

En faisant ce choix, on aurait cependant a veiller de ne pas contre- 
venir a la demande, qu’impose la reproduction. C’est a ce but qu’un 
schéma plus compliqué a été déduit, comprenant aussi la production 
des ceufs et la mortalité des oeufs et des stades larvaires. La production 
dceufs varie a mesure de la population adulte; la mortalité des ceufs 
et des stades larvaires dépend grandement de la densité. Ces facteurs 
étant donnés, on peut ainsi évaluer, pour chaque mesure des mailles, 
Pintensité de péche au dela de laquelle la population serait épuisée a 
ZELO. 

Une autre extension de la théorie pourrait étre développée en con- 
sidérant l’effet d’une exploitation hétérogéne ot chacun des partici- 
pants serait libre de choisir a son gré une combinaison convenable 
d’intensité de péche et de taille minimum (Ho tr et Beverron). Une 
telle extension de la théorie pourrait étre utile a servir de base pour 
arriver a des accords internationaux de péche. 


3 T] en résulte une variation assez affaiblie du nombre d’alevins, ce qui est néces- 
saire pour arriver a un équilibre stable. Si le nombre d’alevins serait proportionnel 
a la production d’oeufs, la population tendrait a s’accumuler infiniment ou bien a 


s’épuiser a zéro. 
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Le présent apercu se restreint a l’exploitation d’une seule espéce 
sans s’étendre a l’action réciproque que peuvent excercer entre eux les 
espéces qui s’entre-dévorent ou se disputent la méme nourriture. Bien 
que ces relations peuvent se changer sous l’influence d’une exploitation, 
la théorie de la péche ne s’est guére développée encore sur ce domaine 
compliqué. 
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APPENDICE 


BARANOV a commencé son exposé par donner des considérations sur 
les équilibres des populations exploitées, telles qu’elles ont été publiées 
plus amples et plus claires par W. F. THompson en 1937. Ensuite, pour 
la description de la décimation (par la mortalité naturelle et par la 
capture), il se servait du principe de l’intérét composé continu de sorte 
que les puissances de e entraient dans ses formules. 

Du temps de BARANOV on ne disposait pas encore de tant de données 
sur la relation entre l’age et la longueur des poissons qu’aujourd’hui. 
Probablement était-ce pour cela, qu il s’efforgait de s’exprimer en 
termes de la longueur / des individus; vu que la croissance ne pouvait 
étre totalement exclue des considérations, il s'accorda a supposer. que 
la longueur croit en progression arithmétique au cours du temps (au 
moins pendant la période ov le poisson contribue ses levées principales 
a la péche). En rapport avec ceci, d/ prend la place de dt dans ses 
formules. 

Remarquablement il définissait le taux d’intérét k de mortalité 
totale comme la mortalité dans Vintervalle de temps, ot: la longueur 
des poissons s’accroit par 1 cm. Le nombre de poissons de la popula- 
tion appartenant a lintervalle (/; / + dl) est alors exprimé par 


N- dl =N,-e*- dl. 


NV, est, comme Baranov l’a déja remarqué, une quantité fictive; si 
pendant la période succédant a la naissance, la décimation et la crois- 
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sancemontreraient lamémeconstance qui a été acceptée ici pour Page 
plus avanceé, alors VV, serait le nombre d’individus de la jeune eénéra- 
tion au commencement de leur développement (ot / serair égal a zéro). 
Attendu, que la réalité ne satisfait point 4 cette demande, aucune inter- 
prétation biologique ne peut étre attribuée au nombre WV, 

Le nombre d’individus d’une classe d’Age, qui subit ou la mort ou 
la capture pendant le temps, quwils appartiennent a l’intervalle de 
longueur (/; 1 + dl) est exprimé par la forme 


(po Gli = nye - dl 
Ce nombre doit étre égal a 
dN =k+No-e™- dl 
de sorte que /, =k WV, 
Si L est la longueur minimum des poissons capturés, alors le nombre 
total des poissons plus grands que contient la population, est exprimé 


d’aprés BARANOV par 


ioe) 


ke 
Np = feet =e 


L 
En suite le poids d’un poisson est mis sous la forme «-/? (ou a 
est un facteur constant). Alors le poids total des poissons a longueur 
égale ou supérieure a L, que contient la population, est donné par 


ioe) 


Cc 
Wi, = [: No: e FH -8 -dl = a+ No fern -dl. 
- 


Une application répétée d’une intégration partielle peut réduire 
cette forme a 
[3-¢ AL 3 6 6 


ee ag aa cepares 


ce qui peut étre mis sous la forme de 


kL 
Wp =a: Bees ep a IPN 


3 § 6 
Amey FORT GLP on (E) 


Wp 
GD 3. = rage 
Ora Ted Np 


Cette relation a fourni 4 BARANov un point d’application de sa 
théorie a la pratique de la péche de la plie dans la Mer du Nord et le 
Kattegat. C’est qu'il disposait d’informations sur le poids moyen des 


est égal au poids moyen des poissons captures. 
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plies péchées. Dans les années 1880, lorsque la péche était encore in- 
signifiante, et la mortalité totale était presqu’uniquement die a la 
mortalité naturelle, le poids moyen s’élevait 4 1250 gr. Par cette voie, 
il tentait d’estimer la mortalité naturelle. 

Nous rappelant la relation n, = k-N, nous pouvons dire que le 
poids WW, doit étre multiplié avec & pour arriver a la perte totale en 
poids de la population. 

Les taux d’intérét de capture et de mortalité naturelle soient dési- 
enés respectivement par fy et k,,; alors la perte en poids mentionnée 
ci-dessus (résultant de ensemble de la mortalité et de la péche) ne 


doit qu’étre multiplé par pour arriver au poids total de la 


peek 
capture annuelle. 


. : k 
Donc, Y,, est proportionnel a q: Tae les facteurs a: L? et Ny: e** 
m 


(=N,) étant considérés comme indépendants de l’intensité dela péche; 
k,, est connu par estimation. 

C’est par cette voie, que BARANov a calculé le poids de la capture 
pour des différentes intensités de la péche. I] lui paraissait que pour 
une certaine intensité, le rendement atteint son maximum. Cependant, 
la position exacte du maximum reste discutable par cause de la sup- 
position faite d’un accroissement régulier au cours du temps. Vu que 
les poissons agés croissent de moins en moins, cette erreur se fera sentir 
davantage quand la péche est peu intensive (et le stock contient un 
assez grand nombre d’individus Agés,) ce qui influence la situation 
du maximum. 

Une fois, qu’on dispose d’une foule de données sur la croissance des 
poissons, le détour parcouru par BARANov n’est plus a la page. 


SUMMARY 


Practical experience has shown that a sudden increase in fishing effort 
will cause an immediate rise in catch, which is followed by a down- 
ward trend, mostly leading to a balanced situation. Starting from an 
undeveloped state of fishery, we can arrive at a more profitable balance 
by augmenting our efforts. Due to this effort the fish population auto- 
matically thins out. As soon as we reach a stage, in which more activity 
would yield less profit in the long run, we are at the verge of over- 
fishing (Fig. 1). 

_In order to arrive at an understanding of facts, several theoretical 
viewpoints have been brought forth in the course of time. This review 
only deals with the dynamics of one single species under exploitation. 
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Interspecific competition and predation as influenced by fishing are 
not considered here. 

By a simplified representation of facts W. F. THompson has clarified 
that intensified fishing efforts will decrease the stock and that sudden 
increase of efforts will immediately be followed by a bigger catch. 
Furthermore it is self evident, that the yield in number will in the long 
run be equal to the recruitment, when natural mortality and migration 
are negligible. 

The different increases and decreases in weight of the stock have 
been specified by RussELu as recruitment, growth, natural mortality 
and catch. Migration is hereby neglected. It is shown in brief, how we 
can arrive at an estimate of these factors. With a stationary situation, 
recruitment + growth = natural mortality + catch. The mutual 
biological relations of these quantities are not, however, satisfactorily 
expressed by RussELu’s balance. Due to this incompleteness of his 
theory, there is no sound explanation as to why there should be some 
fishing rate yielding an optimum catch. 

The fact that all gains in weight of stock once produced will in turn 
take part in the production, and that all losses will cause a lack of pro- 
duction, suggests a process of compound interest. The simultaneous 
cooperation of several changes is most suitably specified as a case of 
continuous compound interest. 

An explanation of the optimum catch has been given by Hyjort c.s. 
and GRAHAM by combining the above mentioned principles, and con- 
sidering the combined compound interest of recruitment, growth, 
natural mortality and catch. The total rate of population growth, 
resulting from these happenings can, however, only be realized in 
part, depending on the density of the population. When the popula- 
tion is going to restore itself from a very low level after a catastrophe, 
the total weight of the population will at first increase quicker and 
quicker, until the increase has reached its maximum. From this stage 
on, the increase will slow down and come to a standstill when the 
weight of the population has grown to its maximum. If the growing 
population was kept on a certain level by continuously cropping off 
the growth, the maximum stationary yield is supposed to be obtained 
by keeping the population at the stage of its maximum growth. How- 
ever, conceivable as it may be, this theory is not fully exact, because 
a cropped stock will differ from a freely growing population in its 
age distribution, and hence their producing capacity need not neces- 
sarily be the same in a state of equal density. 

Another trend of thought has been followed by RickER, comparing 
the rates of growth and of mortality of the fish throughout their life 
history. For some time growth will exceed death, raising the total 
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weight of the year class. Sooner or later, natural mortality will exceed 
growth and the bulk of the year class will decrease until finally the 
last survivor dies. In the intermediate stage, where the rates of growth 
and of natural mortality are equal, the weight of the year class must 
attain its maximum (HERRINGTON). So, a sudden kill of the whole year 
class at this so called critical stage would give the greatest possible 
yield. An earlier catch will cause a loss by privation of growth; a 
delayed catch a loss by excess of mortality. In the sea a sudden catch 
is impracticable; it would require an enormous fishing fleet. As a 
compromise a fishing activity of feasible intensity should set in prior to 
the critical stage, in such a way that losses will amount to a minimum. 
The slighter the fishing activity, the earlier it should start and this would 
require a smaller mesh size (R1cKER). However, the elaboration of a 
concise survey of possibilities is marred by complex evaluations of 
losses. Moreover, a complication is imported by individual variation 
in growth, since nets act according to size and not to age. 

A similar reasoning has been given by BAERENDs with regard to 
reproduction. In order to ensure proper recruitment every generation 
should be allowed to produce a sufficient number of eggs. If the age at 
first capture were such that every generation had the opportunity to 
satisfy this demand before being involved in the fishery, the entire lot 
could be killed at once without damaging recruitment. In case fishing 
is started at an earlier date a moderate fishing could still allow suffi- 
cient spawning. When started earlier, the fishing rate should be lower. 
In this way the catchable size of the fish (as determined by mesh size), 
is again linked to a corresponding allowable maximum rate of fishing. 
Whereas RickEr’s reasoning leads to recommendable combinations, 
BAERENDS’ indicates fishery conditions which keep the stock at the 
verge of extinction. Practice seems to show that recruitment is not the 
main bottle-neck of exploitation. However, in case it might turn out 
to be, primary attention should be given to the demand imposed by 
reproduction. 

A more direct approach to the problem of fishery management can 
be made by computing the total weight of the yield, supplied by a 
single year class in the course of years (being equal to the annual 
yield of a population under stationary exploitation). An early attempt 
in this direction has been undertaken by BARANov. Recently a more 
exact treatment has been developed by Horr and Brverton. For 
values of growth, natural mortality and age at first capture as appli- 
cable to the North Sea plaice fishery, they found that a maximum 
yield would be obtained when fishing at an inst. rate of 0.25 

The yield is proportional to recruitment, but the optimum fishing 
rate is not affected by fluctuations in the size of the recruit broods. 
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This factor cannot therefore in itself cause overfishing or underfishing, 
as long as the other factors remain constant. Growth and natural 
mortality will, within a wide range of variation, only slightly affect 
the optimum rate of fishing. 

Every rate of fishing will bring about another density of stock, which 
in its turn may give rise to altered growth and natural mortality. 
Considering that individual growth may increase in a thinned popula- 
tion (as is the case with plaice in the North Sea), the optimum fishing 
rate is roughly estimated at 0.3 to 0.4 For an exact evaluation of the 
yield for various values attributed to the fishing rate, corresponding 
rates of growth and natural mortality should be taken into account. 

An increase of age at first capture (mesh size) increases the maxi- 
mum, which at the same time moves to higher rates of fishing. An age 
is evetnually reached, when no further increase in the maximuin takes 
place, and it will even fall again. This agrees perfectly well with Ric- 
KER’s considerations. 

For any intensity of fishing a suitable mesh size can be chosen, allow- 
ing for the density dependence of growth (and natural mortality) ; 
proper attention should be given to the needs of reproduction. 

To this end, a more complex population model has been deduced, 
which includes egg production and mortality of the younger stages as 
well. For a given mesh size, a value of the fishing rate can thus be 
determined, beyond which the population would be depleted to zero. 

An extension of the theory to the effect of heterogeneous fishing 
might serve as a basis for international agreements, leaving the par- 
ticipating countries free to choose their own convenient combination 
of mesh size and fishing activity. 
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For some years it has been a subject of investigation at the Zoological 
Station, Den Helder, to determine the distribution and growth of 
cockles in the Waddensea in order to obtain an insight into the factors 
controlling them. These investigations have shown that the cockles in 
this region are limited to flats which emerge at low tide, and that the 
animals are not distributed at random over these flats, but rather in a 
way which will be described below. 

KREGER (1940) assumed that this unequal distribution was mainly 
due to unequal spatfall. He made most of his observations on flats near 
the Zoological Station, where, according to him, more spat fell on the 
lower than on the higher parts. He assumed that the highest parts 
received little spat because the water would have given off the latter 
to the lower parts covered earlier. Also the smaller head of water and 
the shorter time of submersion over the higher parts would cause a 
smaller spatfall. According to KreceEr these factors, considered to- 
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gether, would account for the large amounts of spat he found on the 
lower parts of the flats. 

It was remarkable, however, that the largest numbers of adult cock- 
les found by Krecer on the Zuidwal-flats were present on the higher 
parts and not on the lower ones. This phenomenon also held for two 
other areas studied by him, and he attempted to explain this by assum- 
ing that on the lower parts spat would disappear in larger quanti- 
ties, so that, ultimately, more cockles would remain on the higher 
parts. All other areas examined by KREGER showed the smallest num- 
bers of adult cockles on the higher parts, an observation which was 
well in agreement with his view. 

The weak point in KrEGER’s investigations was that the youngest 
cockles found by him measured 1-2 mm, these being the smallest 
specimens retained by his sieve. It has long been known that the larvae 
of Cardium disappear from the plankton at a size of about 300 mu 
(THorson, 1946). Therefore, the possibility cannot be excluded that 
the animals, during the period necessary for growth from 300 to 1,000 
or 2,000 m, were carried to the area in question from other places. In 
that case, the place where KREGER found his youngest cockles need not 
necessarily be the place where the spat settled immediately after meta- 
morphosis. 

The purpose of my investigation, therefore, was to separate the 
direct spatfail after metamorphosis from the settling of somewhat older 
spat, which had been transported for some time. This objective was 
not fully realized, since, owing to practical difficulties, I, too, did not 
succeed in obtaining the youngest spat. But the importance of trans- 
port of older spat by the current was shown with great certainty, and 
this transport forms the chief subject of my paper. 

My investigations (which were carried out in 1950) not only formed 
the continuation of KREGER’s studies in the years 1937, ’38 and °39, 
but also of work carried out by the Zoological Station in the period of 
1947-50. The latter investigations started after the severe winter of 
46-47, when most cockles in the Waddensea died from exposure. The 
fine, warm weather of the summer of 1947 favoured the development 
of a new population, and in the autumn of that year the whole area 
abounded in animals of one single yearclass. It then seemed worth 
while to follow the growth and density changes of these animals dur- 
ing the following years. This was done by taking samples along a 
number of traverses. The purpose of my observations was, at the same 
time, to determine the spatfall along one of these traverses, where the 
life-history of an older population was known. 

The traverse chosen was one which crossed a flat in the middle 
of the Waddensea, known as Zeehondenplaat (seal shoal) (fig. I). It is 
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fig. I. Map of Zeehondenplaat with contour lines and traverse (survey H. Postma, 
June 7, 1950). The zero-contour represents about mean low tide mark. Inset: 
Western part of Dutch Waddensea with Zeehondenplaat. 
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bounded by fairways named “‘Scheurrak”’, “Omdraai” and “Oude 
Vlie’. On the highest part of the flat, near the “Omdraai”’, a group 
of seals usually had their resting place close to deep water. 

Because the present investigations formed part of a larger, more 
extended research program, I was often able to take advantage of the 
help and experience of others. In this connection I wish to express my 
gratitude to Dr J. VERwey, who suggested the subject to me and 
critically revised this paper, to I. Kristensen and H. Postma for their 
valuable advice and constant help, and to N. Pyt and A. Drat for 
much technical assistance. I owe many thanks especially to miss 
Marg. Hucues, London, for her help in the translation of the paper. 


Il. METHODS 


As was already mentioned in the Introduction, we hoped to be able 
to separate the direct spatfall of newly metamorphosed animals from 
the settling of older spat, which might have been carried to the spot 
from other places. To this end, small plots of 20 dm? were made devoid 
of cockles and re-examined every few days. The occurrence of animals 
of 300 « would be an indication of true spatfall, whereas the occurrence 
of older cockles would indicate that transport of older spat took place. 

Apart from this, the spat population of equal plots, which had not 
previously been cleared of spat, was studied, in order to obtain an 
impression — from the comparison of cleared and untouched units — of 
the tenacity of spat at a certain place. 

This scheme only partially succeeded. First, it was impossible to 
make a quantitative investigation of the plots without using a sieve. 
This sieve had to have meshes not smaller than 0.5 mm in diameter, 
because otherwise too much sand would be held back. Even by using 
a Q.5 mm sieve considerable trouble was occasionally experienced 
when detritus, in the form of fragments of peat, failed to pass through 
the mesh. Enormous quantities of this detritus were often present in 
some places, so that the examination of a single sample frequently 
took several hours. It resulted from the observations that only animals 
of 600 w and larger were quantitatively retained by the mesh, whereas 
animals of less than 400 mu were not retained at all. For this reason, 
direct spatfall could not be separated from the settling of animals 
which had been transported a certain time after metamorphosis. 

In the second place, it was often impossible to examine the plots at 
short intervals, of e.g. 1-2 days. Such a regular inspection had origi- 
nally been planned, because it was realized that animals of say 300 wu 
might rapidly reach a size of 500 « and then would be indistinguish- 
able from animals of 500 w transported to the plot in question. 


SPATFALL AND TRANSPORT OF CARDIUM EDULE L. 319 


Subsequently, it was discovered that the growth rate of the youngest 
spat was much less than originally expected. Moreover, animals small- 
er than 600 uw were seldom found. For that reason the second draw- 
back — inspection at longer intervals — scarcely hampered the inter- 
pretation = the data. gine only disadvantage was that a plot, control- 
led after e.g. 10 days, was populated almost as densely as the untouched 
plots. 

In the third place, the study of plots not previously examined was 
later on neglected through lack of time, with the result that only a few 
data for comparison of cleared and untouched plots were finally 
available. 

For a good understanding of the following work, the methods used 
must be described in some detail. 

A number of plots of 20 dm? along the traverse in question were 
marked with small poles at their corners. There were 7 of them in all, 
which are referred to by giving their distance in metres west of a stake 
placed 40 m from the low tide mark along the ‘“‘Oude Vlie’’. 

The superficial layer of sand on these plots was removed to the 
extent of about 2 cm in depth, and sieved. The number of young spat 
was determined and their length measured. For the shovelling up of 
the sand a small shovel with 3 turned up sides was used. The latter 
prevented the water, always present on the sand, from being washed 
away from the shovel, possibly taking some spat with it at the same 
time. The residue of the sieved sand was carefully washed over into a 
glass jar, the contents of which were searched for spat with a 2—3 times 
magnifying glass. Not only spat of Cardium, but also of other bivalves 
present, were counted, identified and measured under the microscope. 
Since dead animals can hardly be distinguished from empty shells it 
was necessary to examine the samples while the animals were still 
living. 

The use of regularly checked plots mentioned above met with some 
practical difficulties. As a result of the scooping the plots eventually 
lay somewhat lower than their immediate environment, even in spite 
of the effort to replace the sand. To some degree the poles, too, were a 
nuisance by disturbing the regular surface of the sand. Thus it was 
possible for spat from the surroundings to be washed into these lower 
lying parts. 

Some further experiments were carried out to overcome this diffi- 
culty. First, in several places a surface of 2.5 * 2.5 m was cleared of 
spat by scooping away the superficial layer of sand (a control of this 
area showed the absence of further spat). In the centre of these cleared 
patches a small plot of 20 dm? was staked out, in order to ensure that 
spat could not be washed into the latter from the immediate surround- 


320 B. BAGGERMAN 


ings. These plots will later be referred to as “‘isolated plots”. The 
sampling of these plots took place after 12-24 hours. 

Another experiment was carried out with pieces of jute ( 60 x 90 
cm), which were spread out and pinned down on the sand. After 12-24 
hours the material deposited on these pieces was sieved and examined. 

Furthermore, observations were made on the influence of a current 
shadow on the settling of young spat. To this end screens of irongauze 
were placed on the flat at a considerable distance from each other, in 
directions east-west and north-south. The screens were 1.5 m in length 
and 30 cm in height. On each side of the screen plots of 20 dm? were 
staked out, plus one equal plot lying at some distance from each screen 
for comparison. These areas, too, were sampled after 12-24 hours. In 
addition, a larger screen was used, which was made of branches. ‘This 
screen was 3 m long and 30 cm high. Here, too, control areas as men- 
tioned above were used. 

On two different days adult cockles were collected along the traverse 
on plots which had never before been examined. They were counted 
and the greatest diameter of each annual growth ring, as well as their 
greatest length, were measured. 

Finally, the Zoological Station carried out grainsize determinations 
of the sand as well as current measurements. Grainsizes were deter- 
mined after VAN VEEN’s method (1936), and the figures have been 
expressed as “‘median sizes’ (KRUMBEIN in TRASK, 1939). Current 
measurements were carried out by timing the passing of floating algae. 
The heights of the flat were determined in relation to a certain water 
level. 


IIl. OBSERVATIONS AND EXPERIMENTS 


I. TRANSPORT 


The data on the occurrence of young bivalves on plots which had been 
initially cleared are represented in figure II and table I. 

In figure II the situation of the plots relative to the stake near the 
“Oude Vlie”’ is inserted on top of the columns. The number of animals 
found is plotted vertically and the different days of sampling are plotted 


Fig. Il. Numbers of bivalve spat on different plots along traverse in the course of 
summer. Below: profile along the traverse, average current velocities on June 7, 
1950, and median grainsize of sand. 

Black columns in Cardiwm-curves denote the quantities of 2 and 3 years old cockles. 
Average current velocities (mean of average flood and ebb velocities, regardless of 
direction) relate partly (curve A) to periods of submersion alone, periods of emersion 
having not been taken into account, partly (curve B) to the complete tidal cycle 
(periods of emersion included). 
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horizontally in each column. These days were May 24 and 31; June 
1, 6,8, 15, andse8; July-13,-20;215 257 20, 27, and 28, and August 4. 
The data pertain to spat of Cardium edule, Mya arenaria, Mytilus edulis, 
Macoma baltica, and Petricola pholadiformis. 

Table I gives the data of Cardium in more detail. Here, not only the 
number of animals is given, but also their size in microns (we will refer 
to the italics later). 


TABLE I 


Numbers and sizes of Gardium spat found on different days on investigation and 
comparison plots. For explanation see text. Numbers for comparison plots are given 
in italics. 


MAY 24 stake 75mW. 175mW. 225mW. 275mW. 325mW. 375mW. total 


400— 600 as: ia 3 ay: 
600— 800 as 
800-1000 ee a3 a: ~~ 
1000-1200 foes ews ae es = ni a 
1200-1400 = ee —- Es 
1400-1600 = = ws =F = eas as, 


total 0 I ii 0 2 vf 2 ey 


nN 
N 
| 
Sed 
| 
N 


~ 
| 
SSongan 


MAY 31 


400— 600 2 1 5 
600— 800 = 3 
800-1000 1 = = ae 
1000-1200 * = ae = 1 =a ae rs 1 
1200-1400 = as re a 0 
1400-1600 = FF. = = 0 


total 5 1 8 8 3 4 0 28 


JUNE 1 


400— 600 ia 2 
600— 800 OF a3 aa es 7 ® F 
800-1000 ld _ 
1000-1200 ey ee ee a 
1200-1400 Sein oy as eee eS, 
1400-1600 


total 4 


| 


~ | 


| 
O/SCCTOON # ND 


i) 
So 
Q 
© 
ns 
& 
cs 

& 
~ 


JUNE 6 


400— 600 = = 7 
600— 800 4 4 8 
800-1000 10 6 9 
1000-1200 1 1 2 9 
1200-1400 = —_ fe 7 
1400-1600 = = = = ee in 0 
1600-1800 1 zs . a 1 
1800-2000 = _ = 0 
2000-2200 = = S a 0 


total 16 11 26 22 22 17 Pal 135 
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JUNE 8 stake 75mW, 175mW. 225mW. 275mW.  325mW. — 375mW. total 
400— 600 = 2 1 8 
600— 800 11 6 8 25 
800-1000 8 5 10 23 
1200-1400 6 = 2 8 
1400-1600 as 3 a 0 
1600-1800 = = = 0 
1800-2000 c= —_ _ 0 

2000-2200 ae = _ 0 
total 25 13 21 meso 

JUNE 15 
400— 600 ae 1 1 7 oe = os 9 
600— 800 2 1 1 21 2 l I 29 
800-1000 10 4 16 52 3 5 3 93 
1000-1200 3 I ll 9 3 3 = 30 
1200-1400 2 = 5 9 4 2 I 23 
1400-1600 1 aa 4 10 = Dyck 3 18 

1600-1800 eo =. = 2 aa mt 3 5 
1800-2000 I I 1 2 2 3 3 13 
2000-2200 — ~ = = 1 1 9 A 

total 19 8 39 1i2 15 15 16 224 

JUNE 28 
400— 600 2 1 3 2 I 5 = 14 
600— 800 2 = 5 1 3 2 I 14 
800-1000 5 2 12 3 6 2 I 31 

1000-1200 4 = 3 2 I =e a 10 
1200-1400 2 1 5 5 7 7 1 28 
1400-1600 7 2 D 7 7 7 i 33 
1600-1800 2 = = 2 1 4 I 10 
1800-2000 2 1 1 4 2 1 I 12 
2000-2200 1 1 4 7 3 —_ D 18 
2200-2400 = = 1 i 1 = I 4 
2500 1 = = = = — = 1 
3000 = = =e 1 =e 1 = 2 
5000 = = = = — = — 0 
7000 = = = = — = — 0 

total 28 8 36 35 32 29 9 177 

JULY 13 
400— 600 3 Le re 4 Se aD 
600— 800 = — Se 2 Qt Vee Sd ee one 
800-1000 zs Q  @ 8 8 I & Yi Qe eer O 

1000-1200 a ee Re ye Te eT by eS SR TO 
1200-1400 i i I ieee By la = = Ty ier 5 =las LOWES 
1400-1600 2 i 2 Tp Ge 5" meee te 2 ee Ses 
1600-1800 Telence=o worl il oH B 
1800-2000 oe aes aS ee? 
2000-2200 1 1 1 0 8 
2200-2400 a ee 0 
2500 1 oe 
3000 MS Ot 
5000 — 1 Oe 
7000 = — 0 0 


Ne 
~ 
aD 
& 
N 
nN 
~ 
i=) 
y 
co} 
Oo 
Hy 
w& 


total [ame 7 7 Pe GS 48 
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JULY 20 


stake 


75mW. 


175mW. 


225mW. 


275mW, 


325mW. 


375mW. 


t 


otal 


400— 600 
600— 800 
800-1000 
1000-1200 
1200-1400 
1400-1600 
1600-1800 
1800-2000 
2000-2200 
2200-2400 
2500 

3000 

5000 

7000 


2 


= 


~ | 


— | 


—_ 


=aeme oor OF KS & OT ON ®D © 


total 


Oo 
nN 


JULY 21 


400— 600 
600— 800 
800-1000 
1000-1200 
1200-1400 
1400-1600 
1600-1800 
1800-2000 
2000-2200 
2200-2400 
2500 
4500 
6500 
6900 
8900 


S10 CO Oc CG ON] OD OG a 


total 


Ww 


nN 
nD 


JULY 25 


400— 600 
600- 800 
800-1000 
1000-1200 
1200-1400 
1400-1600 
1600-1800 
1800-2000 
2000-2200 
2200-2400 
2500 
4500 
6500 
6900 
8900 


me NNW 


~ HR 


hon 


Bey ee oo 
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oo = Oo Ono Gh = ON © © CO 


~~ N 
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total 


400— 600 
600— 800 
800-1000 
1000-1200 
1200-1400 
1400-1600 
1600-1800 
1800-2000 
2000-2200 
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2500 
4500 
6500 
6900 
8900 


— — ee OD bt 
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JULY 27 


400— 600 
600— 800 
800-1000 
1000-1200 
1200-1400 
1400-1600. 
1600-1800 
1800-2000 
2400 

3000 

3300 

4200 

5400 

6500 

7000 

9600 

11000 


ho 


Re 


| 
| 


— 


SCCOOoOCOOOOO OF Ne KF UWHO 


ay, 
nas 


SN NN NNN & DS © WN | WN 


total 


nN 
BS 


36 


JULY 28 


400— 600 
600— 800 
800-1000 
1000-1200 
1200-1400 
1400-1600 
1600-1800 
1800-2000 
2400 
3000 
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4200 
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6500 
7000 
9600 
11000 
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AUGUST 4 stake 75mW. 175mW. 225mW. 275mW. 325mW. 375mW. total 

400— 600 1 —- — 1 — —- — 1 I 
600— 800 —- — 1 Z, 4 2 4 12 2993 GG 2 —- — Niji 
800-1000 1 — 2 4 6 reg Dee) Qe cd 4 4 Qe 3} LOTR Zo. 
1000-1200 = = 1 I Ast 2 Bo 2: —- — — 1 — — 8 7 
1200-1400 — — 3 — 1 3) — 1 —- — 1 — — | ie 
1400-1600 1 — — 7] 2 il 1 1 —- — 4 3 
1600-1800 1 1 — ¢ —_—- — —- — — 1 Os 
1800-2000 2 — 1 —= —- — —- — 0 ¢4 
2400 1 0 I 
3000 OF 7: 
3300 0 0O 
4200 OG 
5400 0 0 
6500 — — == ae 0” 96 
7000 1 1 0 
9600 (oe 
11000 i (OE Mt] 
a 6 54 80 


total ; 2 0 7 oo Mp ae 9 29 ao We & 


From these data it follows that especially in June large numbers of 
spat settled on the cleared plots. The number and size of Cardium spat 
found after inspections within 2 days are given in table II (this table has 
been derived from table I, the data of all plots having been taken 
together). 


TABLE II 
7 Total 400— 600— 800-— 1000— 1200— 1400-— 
Date eae: of 60044 800 ft 1000 lL 1200 [lL 1400 ld 2000 [4 
ardium 
gI-5— 1-6... 8 2 4 2 a= = = 
6-6— 8-6 .. 59 } 25 23 8 = = 
25-7 — 26-7 .. 26 —- I 13 4 6 2 
20-7 —— 97-7. Od. — I 13 5 I 4. 
QF ea 2g oe 15 I 2 7 I 8 I 
(hota ca ee RLU 6 33 58 18 10 5) 


From the distribution of cockle spat over the different size classes it 
appears that spat smaller than 600 w were rarely found; these speci- 
mens are likely to have passed through the meshes of the sieve. But it 
is quite obvious that transport of spat larger than 600 w took place 
regularly and that animals larger than 1,000-2,000 mu were also trans- 
ported. 

This conclusion is confirmed by data obtained from the sampling of 
the so called “isolated plots” (see p. 320). Such plots were made near 
the “Oude Vlie” and along the traverse at 225 and 375 m west of this 
point. ‘The results are given in figure IIIa and among others in table 
IILa. In figure IIIa both number (vertically) and size (horizontally) 
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Fig. Ila. Numbers and sizes of spat settled on isolated plots (for explanation see 
text). The figures 8, 14, and 20 below the bivalve names denote sizes of 800, 1400, 
and 2000 /. 
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Fig. IIIb. Numbers and sizes of spat settled on jute (60 x go cm) (for explanation 
see text). Sizes of spat as in fig. IIIa. 
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TABLE Illa 


Numbers of Cardium spat of different sizes found on previously cleared plots inspected 
within 24 hours, compared with those on untouched plots. The figures in the last 
column indicate the numbers of plots of 20 dm? sampled. 


400— 600— 800— 1000— 1200— 1400— 1600— 1800— 2000— 4000— Number 
600 800 1000 1200 1400 1600 1800 2000 4000 8000 9600 11000 of plots 


i lM 1 Mi Lh LL be uu Lu be u 4 examined 


June 1 

Traverse 2 4 Pe 3 
Screens not examined 

Jute pieces not examined 

Isolated plots not examined 

Compar. plots 8 17 8 1 2 : 7 
July 26 

Traverse — 1 13 4 6 2 7 
Screens not examined 

Jute pieces not examined 

Isolated plots not examined 

Compar. plots — 5 13 6 2 1 2 2 —- 7 
July 27 

Traverse — 1 13 5 1 1 2 1 7 
Screens 4 7 8 4 | 1 Es 14 
Jute pieces not examined 

Isolated plots — — — 1 2 
Compar. plots — 4 11 5 4 Z a 3 — 10 
July 28 

Traverse 1 2 7 1 3 1 7 
Screens 14 28 14 2 2 2 1 14 
Jute pieces — 2 3 — — 1 1 1 
Isolated plots 2 10 2) — — 1 2 
Compar. plots 1 12 10 4 — 6 1 5 — 10 
August 4 

Traverse not examined 

Screens not examined 

Jute pieces 1 24 P| 8 4 1 3 
Isolated plots = 1 4 2 = 1 2 1 3 
Compar. plots 1 21 29 7. 5 8 dh 4 1 7 
August 5 

Traverse not examined 

Screens not examined 

Jute pieces 1 25 19 iG 4 1 1 3 
Isolated plots = 3 1 2 1 1 3 


Compar. plots 


same as August 4 
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TABLE I1Ib 


Total numbers of spat of different sizes found on all cleared and comparison plots 
examined. 


Total of spat 400- 600- 800- 1000 1200 1400 1600 1800 2000 4000 Number 
foundon: 600 800 1000 -1200 1400 -1600 -1800 -2000 -4000 -8000 9600 11000. of plots 
a] be bb be be bb fe pL bb be be be examined 


Cleared plots 25 108 107 40 ze 13 10 2 69 
Compar. plots 10 59 71 23 13 13 13 14 10 5 2 1 41 


are given for 3 species of bivalves, viz. Cardium edule, Mytilus edulis and 
Petricola pholadiformis. 

From this it is clear that sometimes after only 12 hours relatively 
large numbers of animals had settled down on these plots. Their size 
varied from 400 to 800 yp. 

A similar result was obtained for the spat on the pieces of jute 
(figure IIIb and table IIIa). The jute had been spread out near the 
“Oude Vlie” and at distances 225 and 375 m to the west. Again, it is 
obvious that within a short time (12-24 hours) large numbers of spat 
had settled down on this substratum. The quantities found here cannot 
be compared with those on other plots (jute 54 dm? and normal plot 
20 dm?). Besides, jute as substratum cannot be compared with sand, 
as its hairy surface may retain the spat. However, this experiment 
was not made to reproduce normal conditions, but to show that 
transport takes place, and it is clear that this transport is, biologically, 
important. 

Eventually, transport of young animals was shown to occur by 
means of experiments in which screens were used (see p. 320). These 
screens were placed near the ““Oude Vlie” and at a point 375 m to the 
west (figure IV and table IIIa). In fig. IV the numbers of spat of 5 
species of bivalves are represented. Samples were taken on the screen 
plots (on both sides of the screens) and on plots of the same size some 
distance away from the screens (so that the plots were not influenced 
by the latter), both being sampled within 24 hours. The size of spat 
found on the screen plots is given in table IIIa. 

From these data it appears again that transport of young bivalves 
took place regularly and that Cardium was transported up to a size 
of 1,600 uw. At the same time it follows from these figures that usually 
more spat are found on the screen plots than on the comparison plots. 
This is caused by the current shadow near the screens, which enables 
the spat to accumulate there. 

It is apparent from all data mentioned so far that transport of young 
spat must be considerable. 
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2. TRANSPORT AND SIZE 


All observations have shown that young Cardium spat, up to a long. 
time after metamorphosis, are being transported by the current. Now, 
it is worth while to know at what size the young animals are no longer 
transported. It was possible to decide this by comparing the sizes 
of animals found on the regularly cleared plots (so called “transport 
plots’) and those found on places never cleared before (“Comparison 
plots’), where the young spat had time to grow after settling. Such 
comparison plots were examined along the traverse (table I, italics) 
on June 1 and on July 26, 27, and 28; near the screens they were 
examined on July 21, 27, and 28 (figure IV). 

In table [Ila the number and size of spat found on transport plots 
cleared within 24 hours are given, together with the number and size 
of the animals found on the comparison plots. The data of the trans- 
port plots are obtained from plots along the traverse, near the screens, 
and from the isolated plots and pieces of jute. The figures in the last 
column indicate the number of plots of 20 dm? inspected at the differ- 
ent places. 

In table IIIb the numbers and sizes of all animals found on the 
transport plots are compared with those of the spat present on the 
comparison plots. The figures in the last column indicate that a total 
of 69 transport plots and 41 comparison plots were examined. 

In the first place, it appears that on the comparison plots, where 
the population was able to accumulate up to the day of sampling, 
we seldom found more spat than on the transport plots. Apparently, 
large numbers of spat disappear regularly from both transport and 
comparison plots. This disappearance will have been caused partly 
by mortality and partly by transportation to places elsewhere. The 
important réle of mortality is shown by the decrease in numbers in 
the course of the season (figure V). Although more spat is being repro- 
duced regularly, the quantity does not increase. In previous years it 
has also been evident that mortality has a great influence on the Car- 
dium population (KREGER, 1940, data Zoological Station, unpublish- 
ed). During one single day, however, only a few animals will disap- 
pear as a consequence of mortality, so that the great disappearence of 
spat during that time must have been caused mainly in another way: 
there is a constant supply and removal of spat. 


The extent of this transport can be expressed by a certain measure, the rate of trans- 
port. We can specify this rate as the ratio of the number of animals found within a 
certain time ona transport plot to that found within the same time on a comparison 
plot. Both plots will contain about the same number of newly settled spat and the 
surplus on the comparison plots may be considered as a remnant of the population, 
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which had settled previously. It should be realized that the rate of transport found 
will probably be too low, because each individual may have been replaced several 
times by another one. 

On calculating the rate of transport from the figures of table I one obtains for an 
area of 20 dm? rates of 0.72 (July 26), 0.66 (July 27), 0.43 (July 28), and 0.68 
(August 4). 


In the second place, it follows from the figures of table IIIa and IIIb, 
that the largest cockles on the transport plots measured 1,600-1,800 wu. 
On the whole, only 2 animals of 1,800-2,000 w were found on these 
plots. On the comparison plots, however, the largest animals were 
3,000~-9,000 wu. This difference is so striking, that one cannot but con- 
clude that on the ‘“‘Zeehondenplaat”’ young cockles up to 1,800—2,000 fu 
are transported regularly by the current and that cockles are only able 
to settle permanently when larger than about 2,000 yw. 


Unfortunately, during the months of investigation, the numbers of young Mya, 
Macoma and Petricola in our samples were so small that they could not be treated in 
the same way as the numbers of Cardium. Mya was sometimes found (on transport 
plots) measuring 2500 w. Macoma was never found larger than 3,000 yw, and Petricola 
never larger than 1,200 w. The number of Mytilus was comparable with that of 
Cardium. Animals larger than 1,800 were very seldom found and they were present 
in equal numbers on both transport and comparison plots. This indicates that in 
Mytilus, too, transport by the current must be considerable. It further seems to sug- 
gest that these animals do not settle permanently on the flats, for we never found 
animals larger than 2,000 yw attached to sandgrains. 


The question now arises as to why Cardium on the “‘Zeehondenplaat”’ 
is no longer transported by the current on reaching sizes of 1,800 
and larger. There are two possible answers to this question: 

1. The current running over the flats might be too weak to transport 

animals larger than 1,800 w. 

2. Animals larger than 1,800 w might be unaffected by the current, 
because they are capable of burrowing deeply into the sand. 

1. With regard to the first possibility an attempt was made to test 
the hypothesis by comparing the rates of sinking of young cockles and 
of sandgrains in seawater. Once the maximum grain size of the sand 
transported by a certain current over the flat is known, it becomes de- 
ducible at what size young cockles can still be transported by the cur- 
rent. 

On July 20, a day without wind, N. Pyt determined the quantity 
of sand transported by the current 40 cm above the bottom during 
both ebb and flood. The quantities varied from 0.3 to 5.1 gr per litre. 
The median grain size of this sand was 1,00 u, while a large number 
of grains of 200 w and even 250 u were found in ebb and flood samples. 

The rate of sinking of live, young Cardium was determined after the 
method described by Gry (1941). The determination was carried out 
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at a temperature of 20-23°C, and the results are given in table IV. 
There is no close relationship between the sinking rates of cockle 
spat and sand, and this will have to be ascribed to the behaviour of 
the animals on falling. They may have their shells open as well as 
closed and this will have a great influence on their sinking rate. 

In spite of the relatively poor correlation, it still follows from the 
figures that 40 cm above the bottom animals of about 800 mw (corre- 
sponding with sandgrains of about 100 ) caneasily be transported, and 
as numerous grains of 200-250 uw were also found, it is likely that 
cockles of 1,100—-1,600 w may have been transported at this level. Close 
to the bottom animals of this size will most certainly have been trans- 
ported. They can be compared in size with relatively coarse sand. 


TABLE IV 


Sizes of Cardium and sandgrains with the same sinking rates 


Temp. Te eee 
Ro (0; « 2000 fb 320 wb 
20 1G 1900 pL 215 wl 
RO (Oj 1600 230 
BES (OF 1140 253 pw 
Bee (O} 1110“ 145 yb 
23°C. 760 ys 94 
Bxy (Che 720 Uh 60 


The result of this experiment is in full agreement with that obtained 
from table [Va and IVb, viz., that on the ‘“‘Zeehondenplaat’’ the 
current is able to transport Cardium spat up to a size of 1,800-2,000 m. 

2. No observations were made with regard to the question whether 
or not young cockles of a certain size can burrow so deeply into the 
sand that they are no longer removed by the current. However, very 
young cockles will almost certainly be washed out. They will always be 
able to burrow during periods when the water is still, but when the 
current increases the uppermost sandlayer will be stirred up and very 
small cockles will be easily washed away. 

The same does not hold for adult cockles, which are far more deeply 
embedded and thus will not be carried off, except, perhaps, in very 
strong currents or in areas greatly influenced by wind. Without further 
investigation it is impossible to give a critical current velocity, at 
which cockles of a certain size can no longer be washed out and trans- 
ported, but the fact that so many young cockles up to a size of 1,800- 
2,000 w are regularly being transported indicates that animals of this 
size can be removed by the current. 
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3. TRANSPORT, CURRENTS V PLOOIT Ys AND) PANG EOE: SE LT LING 


As already mentioned in the Introduction, KREGER supposed the 
presence of large amounts of cockles in certain places to be caused 
by 3 factors. The highest parts of the flats would receive little spat 
because the latter would have remained behind on the lower parts, 
covered earlier. Moreover, the smaller head of water and the shorter 
time of submersion over the higher parts would cause a smaller spatfall 
there. Therefore, the spat would be accumulated on the lower parts 
of the flats. 

In our investigation a great difference in spat population was notic- 
ed when comparing the shallow creek (175-225 m west of the “Oude 
Vlie”’) with the higher parts of the flat (375 m west). Figure II repre- 
sents the relative height of the flat along the traverse and also gives 
the median grainsize of the sand at each of the places examined. It 
can be seen from this figure — and also from fig. I — that there is a 
low ridge along the “Oude Vlie” and a shallow creek (being hardly 
more than a subsidence) behind it. The slope of the creek is steeper 
east than west. Further westward the flat slopes upwards gradually. 
The grainsize of the sand is coarser on the ridge than near the “Oude 
Vlie” or in the creek. Still further west the sand becomes even coarser. 

It follows from figure II that the largest amount of spat transported 
was found in the above mentioned creek and along the border of the 
“Oude Vlie’’, whereas the smallest quantities occurred on the ridge 
and on the highest part. The same holds, in principle, for all other 
species of bivalves investigated. Mya shows a distinct decrease in quan- 
tity to the west and a very pronounced increase in number along the 
“Oude Vlie’’. It seems justified, therefore, to assume that the presence 
of large quantities of transported spat in the creek and along the 
border of the ““Oude Vlie” represent the usual phenomenon over this 
flat. Unfortunately, the quantity of Cardium spat close to the ““Oude 
Vlie” could not be determined because of the presence of large amounts 
of detritus, which made analysis of the samples impossible. 

In the case of the pieces of jute and the isolated plots (fig. IIIa and 
IIIb) there are also indications that the largest numbers of spat were 
found in the creek. This supports the previous hypothesis. 

Itisnecessary to state once again that these data exclusively concern 
transported animals, which had been metamorphosed some time pre- 
viously. ‘They do not refer to the direct spatfall of newly metamorphosed 
specimens. It is therefore still unknown whether or not the border 
of the “Oude Vlie” and the creek are the most likely places to receive 
direct spatfall. 


On comparing places with the most prolific settling of transported 
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spat with places of the greatest abundance of adult cockles (born in 
1947 and indicated with black columns in figure IT), it must be stated 
that the adult animals are most numerous in the creek and along the 
“Oude Vlie” (about 30 m west of the stake not indicated in figure IT, 
where their number was go on 20 dm2), and that their numbers de- 
crease westward. 


The largest quantities of adult cockles are present, however, eastward of the places 
where the spat are most numerous. The number of adults on the ridge is small and 
does not increase very much on the outer slope near the stake, where the spat do 
increase. The adult animals are most numerous at low tide mark of the ‘Oude Vlie’ 
(30 m west of the stake), where the quantity of spat could not be determined owing 
to the presence of much detritus.1 


On considering the results of these experiments it must be concluded 
that the creek and the border of the “Oude Vlie” were not only 
favourable for the young cockles in 1947, but also for transported spat 
in 1950. Conditions for settling, therefore, appear to be very favoucable 
there. 

When we try to account for the accumulation of large numbers of 
animals in certain places, it seems justifiable to look for a relation 
between the number of animals and the current velocity. It has been 
observed that frequently animals up to 2,000 w are transported by the 
currents, so that current velocities must be of great importance. The 
rate of sinking of young cockles in comparison with sand grains also 
supports this belief. Therefore, it was originally thought that the sett- 
ling of large numbers of transported animals in certain places would 
directly depend on the low transporting capacity of the current at 
those places. 

If it is true that the transport of Cardium spat may, to a certain extent, 
be compared with that of sand, it is important to bring the grainsize 
distribution under consideration. In the drawing up of the following 
considerations, Postma has kindly assisted me. 

Current and wind are the two most important factors that stir up 
the water. The finest sand and mud are found in places where the 
current is weak and where at the same time the wind gets little hold 
on the sea bed. Such circumstances are found in quiet places under 
the lee of land and often at the transition lines between the channels 
(fairways) and the flats, but not on the flats themselves. ‘There, the 


1 From investigations of the Zoological Station in the years prior to 1950 it is 
known that in those years the original distribution of young cockles in 1947 was 
about the same as that found in the present investigation. KRISTENSEN, who carried 
out the former investigations, supposes that in the winter of 1949-50 the then two 
years old animals were carried away towards the east by the very strong west winds. 
A similar displacement eastward of old animals along other traverses was observed 


earlier by the Zoological Station. 
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current is weak enough to deposit fine materials, but the wind has 
(through the waves) too much grip upon the flat. 

From this point of view the grainsize distribution of the sand on 
and near the ‘*Zeehondenplaat‘ (figure II) must be considered. On 
the bottom of the ‘‘Oude Vlie” coarse sand is found (median grainsize 
about 250 w). This can be understood, because in the ‘““Oude Vlie” 
strong currents are running. Along the border of the ““Oude Vlie” the 
sand is fine (about 60 yw), but from this place westwards the grain- 
size increases gradually, except in the creek. This increase goes hand 
in hand with a decrease in current velocity. It is very likely, however, 
that the influence of the wind must be held responsible for the greater 
coarseness of the sand on the higher parts of the flat. 

Judging from the current velocities measured it looks as if in the 
creek a small grainsize is correlated with a greater current velocity. 
Currents, however, were measured at the surface, and it is probable 
that in the creek the relationship between surface and bottom currents 
is not the same as on the flats. During the greater part of the tide the 
surface water over the creek runs nearly perpendicular to the direction 
of the latter. Close to the bottom, however, the water may not be 
able to develop the same velocity as at the surface, because it is caught 
between the creek slopes. Only when the surrounding area has run 
dry the water follows the direction of the creek; then, however, cur- 
rents have become weak. The current, therefore, must have little 
transporting capacity along the bottom. This supposition also accounts 
for the presence in the creek of much detritus in the form of small 
pieces of peat, etc. This material is quite easily transported and can, 
therefore, only be expected in places where currents are weak. The 
creek thus forms a kind of accumulation basin for all kinds of easily 
transportable materials. The presence of large quantities of detritus 
along the border of the “Oude Vlie” can be explained in the same way. 

In view of the preceding discussion it can be understood why such 
large quantities of young cockles and other bivalves are present in 
the creek and along the border of the ‘Oude Vlie’”’. Their presence is 
caused by the current, which, on losing velocity, drops the young bi- 
valves it has carried from elsewhere. The experiments with the screens 
also showed that current shadows may cause an accumulation of spat 
(see p. 329). 

There is, however, a second possibility which might explain the 
presence of large numbers of young cockles in certain places, viz., the 
direct spatfall immediately after metamorphosis. Here we must return 
to KREGER’s point of view. He supposed that more recently meta- 
morphosed spat would fall on places which were deeper than their 
immediate surroundings (see p. 334). This is still an unproved sup- 
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position, but it might be true. In that case, the large numbers of 
spat in the creek and along the “Oude Vlie” would mainly be due to 
the fact that these animals had settled there directly after metamor- 
phosis. The presence of so much spat on our cleared transport plots 
could then also be explained by assuming that these specimens were 
carried in from the immediate surroundings. Following this train of 
thought the small numbers of spat on the highest parts of the flats 
might be due to the fact that but few animals fell there immediately 
after metamorphosis. The transporting capacity of the current, then, 
would not be the main cause for the presence of much spat in a certain 
place, but rather the direct spatfall of newly metamorphosed animals. 
To reach a definite conclusion on this question the distances should 
be known over which the animals found in the samples of the cleared 
plots have been transported. 

Unfortunately, the data collected during this investigation are not 

quite sufficient to decide the matter. Possibly, the direct spatfall plays 
a certain réle in the distribution of spat over the flats. On the other 
hand, transportation by the currents has been shown to be of great 
importance for the ultimate distribution of cockles over the flats. 
It would not be correct to conclude from the foregoing that large numbers of cockles 
can only be expected in fine sand. Several investigators have already pointed out 
that there is no correlation between the actual grainsize of the sand and the number 
of cockles present (KREGER, 1940; WOHLENBERG, 1937; SMIDT, 1951). They often 
found large numbers of cockles beth in very coarse and very fine sand. This seems 
to contradict the foregoing, but it must be borne in mind that the grainsize of the 
sand in the present investigation was only used as a relative measure, to indicate places 
with stronger or weaker currents or places where the wind has more or less influence 
upon the flats. Sand was used as a measure for the transporting capacity of the cur- 
rents. It is clear that a correlation between the grainsize of the sand and the num- 
bers of cockles present need not be expected. 

In using fine sand as an indication for weak currents or little wind influence it 
must also be realized that the presence of many cockles might be the cause of an 
accumulation of fine sand. The animals are producing large quantities of faeces and 
pseudofaeces, which in the long run will form a layer over the cockles. It is therefore 
necessary, when using the grainsize of the sand as a measure for the current velocity 
and wind influence, to take this factor into account. 


Abe, IBUUIR AVAEASO)INE CO) MIR AINUS COMET 


An attempt was made to get an insight into the rate of growth of 
cockles by measuring the maximum size of the animals on different 
days in the course of the season. For this purpose data from plots 
which had never been cleared before (comparison plots) were used, 
because only here could animals be expected, which had been able to 
grow undisturbed. The data have been separated for the lower and 
higher parts of the flat, because it was known that the growth rate 
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of older cockles on these places was different and, this might hold for 
the young animals also. 

At the beginning of the season the individuals are rather uniform 
in size, and while the smallest animals are regularly being supplied 
in the course of the season by settling of new young spat, the shifting 
to the right of the largest sizes in the length-frequency distribution 
curve gives a possibility for studying growth. The estimations of the 
rate were carried out on the basis of daily compound interest. Un- 
fortunately, our data are rather limited in this respect. 
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Fig. V. Length frequency distribution of young Cardium at different dates on lower 

and higher parts of the flat. Left: lower parts of the flats between Oude Vlie and 

275 m West. Right: higher parts between 275 and 1375 m West. Data refer to plots 
not previously cleared, compare text. 
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Later in the season mortality, and also the individual variation in 
growth, cause the largest animals to be rarely present. The estimation 
of the rate of growth has, therefore, become less accurate for the older 
animals (table V and figure V). 

These figures show that the young cockles grow fastest on the highest 
parts of the flat. A similar result was obtained when the annual growth 
rings and the maximum size of adult cockles were measured. KREGER 
(1940) has already recorded this phenomenon and given an explana- 
tion of it. 


TABLE V 


Lower parts of the flat Higher parts of the flat 


ee 3 i ye P 
Number Masane Growth Growth/day Max. size Growth Growth/day 


Date AE dave ueniae ae in % of in micr. in micr. in % of 
at ; * initial size initial size 
24-5 . 800 1000 
1-6. 8 1200 4.00 5.2 14.00 400 4.3 
T= 43 2600 14.00 eo 7200 5800 4.2 
28-7 . 15 6500 3900 6.3 9600 24.00 1.6 
4-8 . 6 7200 700 Te 11000 14.00 2.3 


Our data are certainly not sufficient as a reliable source for growth 
measurements of young cockles of different ages, but they do give an 
impression of the growth rate. It follows from table V that the length 
of animals of 300-800 yu most certainly does not increase more than 
5% a day, so that a young cockle of 300 « must need 10 days to reach 
a length of 500 mw and at least 20 days to reach 800 w. SmipT (1951) 
gives about the same rate of growth for cockles in the Danish Wadden- 
sea. In other words, a large part of the young cockle spat is being 
transported here and there for weeks, before being able to burrow 
definitely. Certainly, spat of 1800 ~ may have been transported for 
more than one month. Only very quiet places may form an exception 
to this rule. 


Fo CPUS) OY SU US RE Le, 


The graphs of figure VI represent the average numbers of spat of 
Cardium and other species of bivalves for 2 week-periods between May 
15 and August 15. The height of the columns gives the average number 
of spat falling on 1 plot of 20 dm? per day. | 

It follows from these data that the largest numbers of Cardium and 
Mya spat (over 600 y) were present during the second half of June. 
Smidt (1951) found the same for Cardium in the Danish Waddensea. ‘The 
largest numbers of Mytilus were present from June 15 to July 15, 
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while Macoma showed its maximum shortly before this period. For 
Petricola few data are available, so that nothing reliable can be said 
in this connection. After the middle of June the quantity of Afya spat » 
decreases more rapidly than that of Cardium; the quantity of Mytilus 
spat decreases rapidly after the middle of July. 


CARDIUM EDULE MYA ARENARIA 


MYTILUS EDULIS |MACOMA BALTICA| PETRICOLA DHOL 
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Fig. VI. Average numbers of spat fallen on one plot of 20 dm? per day within periods 
of 2 weeks between May 15 and August 15, 1950. 


Most Cardium measured 800-1600 « during the second half of June. 
According to previous calculations (see page 339) these animals were 
at least 20-30 days old, so that the greatest spatfall of newly meta- 
morphosed Cardium probably commenced in the second half of May. 

On June 2 only a few spat measuring 800 mw were present, and on 
August 5 much spat still remained. Thus, the first spatfall of Cardium 
must have taken place during the first half of May and the fall was 
not completed by the second half of June. It is clear that the period 
of spatfall of Cardium in 1950 covered at least 3 months. 


IV. CONCLUSIONS 


In considering the most important results of this investigation a nega- 
tive statement must first be made, viz., that it is still unknown as to 
whether or not newly metamorphosed Cardium show any preference 
for certain places to settle. My attempts to collect the youngest spat 
were fruitless. KREGER’s supposition, that recently metamorphosed 
animals would come to rest on the lowest parts of the flats, is therefore 
still unproved. 

It could be shown, however, that spat of 600-1800 mw are being trans- 
ported regularly by the current in large quantities. Strong indications 
were obtained that these animals, whose rate of fall can be compared 
with that of sand of 100-250 mw, are deposited especially on places 
where currents are weak and where winds get little hold on the flat. 


SPATFALL AND TRANSPORT OF CARDIUM EDULE L. BAT 


In the area investigated this was the case on the lower parts of the flat, 
which formed an accumulation basin for all kinds of easily transport- 
able material. If KREGER’s supposition, that more spat probably fall 
on the lower than on the higher parts of the flats, would appear to be 
true, the numbers of such spat would at any rate be much increased by 
the supply of somewhat older animals from elsewhere by the current. 
From lack of sufficient data it is, however, impossible to weigh the 
relative importance of these two phenomena. 

It is clear that in the area where the work was carried out the young 
cockle does not obtain hold directly after metamorphosis (except per- 
haps in places with a very weak current or with little wind influence), 
but is being transported for a considerable length of time. Everything 
points to the fact that the definite settling of spat only takes place 
when the animals have reached a size of 1000 w or more. Investigations 
of SmmpT (1951) appear to show that young cockles are able to settle 
permanently directly after metamorphosis. It must therefore be assu- 
med that the strong currents in the western Waddensea are the main 
cause of the long transportation of spat. 


V. SUMMARY 


Observations and experiments were carried out in the western Wad- 
densea in the summer of 1950 in order to determine the factors govern- 
ing the settling of spat of Cardium edule and other bivalves. 

It appeared that young cockles were being transported by the cur- 
rents for a long time after metamorphosis, until they had reached a 
size of 1800-2000 w. It could be calculated from growth rate data that 
such animals must be at least 4 weeks old. 

Strong indications were obtained that most animals are accumulated 
in quiet places, where currents are not sufficiently strong to carry 
them away. On the flats investigated these quiet places were charac- 
terized by a finer grainsize of the sand compared with that of the 
surroundings and by the accumulation of all! kinds of easily trans- 
portable material. 

Spatfall of Cardium edule took place from the first half of May till, 
at least, the second half of July. The greatest spatfall took place during 
the end of May. 
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ANNUAL REPORT 
Oe EEO OF Or G Ais SLAM DOWN LO. label 
NED HR ERIAIN DS ZO OR OGrCAL SO CLE Tv 
FOoR TE? YE AR 5952 


Our previous annual report! held out the prospect of a survey of the 
Station’s activities during the 20 years that have elapsed since its 
reorganisation. We hope this survey will be accomplished in the 
course of 1953. A concise review has already been given at the 
Society’s meeting of September r9th—2o0th, when the Society made an 
excursion to Den Helder. 

During 1952 the spatfall of the mussel again predominated all other 
items of ecological research. The students working at the Station 
as well as the Station’s personnel spent much of their time on this 
subject; especially our biological analyst Mr DRrat was almost con- 
stantly engaged in this work. 

The young mussel spat, which has a size of 250-3004 at metamor- 
phosis, settles preferably on algae and hydroids, and only after a 
certain lapse of time does it gradually shift over to the musselbanks. 
This fact, which was ascertained in foregoing years, was taken as a 
starting point for our research in 1952. In this connection we were 
especially interested in the nature of the stimulus on which this 
curious preference for algae and hydroids may depend. Following 
several initial trials, threads of different material and different diame- 
ters were fastened on wooden frames in the sea, and, in contrast with 
these, plastic panels with grooves of varying width were also hung out. 


1 The Annual Reports for the period 1876-1928 have been published (in Dutch) 
in ,,Tijdschrift van de Nederlandsche Dierkundige Vereeniging” for those years. 
The Reports for 1952 and onward will appear in “Archives Néerlandaises de Zoolo- 
gie’’. Those covering the intervening years were not published, but a review of the 
Station’s activities during the years 1931-1951 will be given as a separate publica- 
tion in this journal. 
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In this way the densities of spatfall on different substrata could be com- 
pared well. 

The investigations were carried out by Miss GEELEN (Utrecht) and 
Mr ve Brox (Leiden). They found that the spat prefer threads to 
grooves. The threads should be thin and not too smooth. Embroidery 
silk turned out to be one of the best threads. The numbers of spat per 
unit of length on silk thread even surpassed those on algae and hy- 
droids. Our former supposition that the more or less plastic properties 
of hydroids and algae would favour the settling was not confirmed. 
It seems to be the filiform condition of the material, which is essen- 
tial. The checking of the test substrata has to be carried out under the 
microscope and this makes the job time consuming and tedious. The 
results, however, are well worth the trouble. 

Once the use of artificial silk had yielded suitable quantitative data, 
the influence of such factors as light and current could be included in 
the scope of the experiments. This possibility was made use of by Mr 
Roortu (Leiden), who tried to trace the effect of the tidal phase on 
spatfall, whereas the settling of spat at different depths was studied by 
Mr bE Bok, in cooperation with Miss GEELEN. The results seem to 
fit in with the observations made by Mr Lucas (Leiden) and Mr 
ANTHEUNISSE (Utrecht) on the behaviour of the larvae in the plankton, 
as well as with data on normal spatfall, obtained by Mr Lucas, Mr 
DE BLox, Miss Coon (Leiden) and Miss Green, by the Station’s 
personnel and the students attending the summer courses. In this way 
the complex picture of a seemingly simple phenomenon as spatfall is 
being completed step by step. It is hoped that the investigations will 
be continued by other workers in 1953. The results will be published 
in this journal. 

One of the most striking features revealed by the findings of DE 
Brox and GEELEN is the general restlessness of the young animals. The 
algae and hydroids harbour spat of different sizes up to 1000-12001. 
This size, however, is not attained in a sessile state. Individual shifting 
takes place at a rate of some 20% a day. The question arises whether 
the young of other Lamellibranchs are equally on the move before 
reaching their final place. 

The investigations on the pumping of mussels entered a new phase 
through the work of Dr Tammes, who was assisted by Mr Drat. They 
inserted a plastic tube in the exhalent siphon of live mussels and then 
immobilized tube and shells in a plaster cast, letting the inhalent 
opening free. The discharged water could thus be isolated for analysis 
when the animals were given different suspensions. The size distribu- 
tion of the suspended particles was examined in the water on both 
sides of the mussel. It was found that comparatively coarse material 
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(30-40) was wholly retained and that finer particles (1-5) large- 
ly escaped the mussel’s selective action. Except in the case of the 
coarsest particles, it is possible for the mussel to change its straining 
rate considerably. These findings did neither tally with the idea that 
the straining could be brought about by a sieve formed by gill open- 
ings, nor by that of a mucus ultra sieve. The suspended particles, 
either small or large, are supposed to be retained when they contact 
the cilia of the gills. Large particles should then more likely be hit 
and retained than smaller ones. 

This picture was confirmed by direct observations on very young 
mussels, where it was possible to look right through the shells. The 
large latero-frontal cilia were seen sweeping through the water like 
swaying lime sticks and the adhering particles being wiped off to the 
row of frontal cilia, from which they were further transported to the 
food groove. 

The pumping output of the so prepared mussels was subnormal, 
so that the recorded quantities could only be attributed a relative 
value. Still, the method is excellent to establish the effect of external 
conditions, e.g. temperature, on the pumping rate. It would be worth 
while to extend the results already obtained in this direction. 

The experiments on the sense physiological relation between Nudi- 
branchiate slugs and Coelenterates were, for a month, continued by 
Miss DE Koninc (Utrecht). Previously, it had been shown that the 
slug can find anemones or hydroids against the current. It was then 
assumed that under the conditions used there was no scent gradient. 
In order to ascertain that the current actually directs the search of a 
slug once excited by scent, experiments were devised in which there 
were currents and no gradient in scent. Unfortunately, these trials 
had to be discontinued by unforeseen circumstances. It is hoped that 
the subject will be taken up again in the near future. 

An inquiry into the possible influence of light or darkness on the 
vitality of settled young cockles and mussels was started by Mr Bas 
from Leiden. No results can as yet be given. It is felt, however, that 
subsequent experiments should as far as possible be made under 
natural conditions, since such problems cannot easily be solved indoors. 

The study of migrants was carried on as before by buying up 
southern species offered by local fishermen. In 1952 Mr KRisTENSEN 
again spent much of his time on this work. 

Pre-war observations had suggested that two groups of migrants 
occur in the North Sea, viz., 1. those which enter in spring or early 
summer through Dover Strait, and, 2. those which reach us in the 
autumn after having rounded Scotland. Generally speaking, all spe- 
cies arriving with us in autumn or winter were since that time consider- 
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ed to have entered the North Sea in the North. Mr KrisTENSEN’s 
data more and more suggest that these species arriving late in the 
year largely represent animals which flee for cold. There is no sufficient 
reason, therefore, to assume that all of these animals have rounded 
Scotland; some of them indeed are hardly known from there. Since 
the latter are neither observed with us in spring, however, Mr Kris- 
TENSEN supposes that they may enter through Dover Strait, keep to 
the East-Anglian side, and then hide during summer on stony grounds, 
where fishing is seldom practised, till they are driven from there by cold. 
We may expect some more evidence on this point in the years tocome. 
Part of the southern migrants, recorded in 1952, are enumerated in 
the list below. 
I. The species denoted by numbers 1-8 are supposed to have entered 


Species Size in cm Locality 


I. Southern migrants, supposed to have entered the North Sea through Dover Strait. 


1. Acipenser sturio + 100 off Texel, near Silverpit-Texel nr 5, 30 m 
2. Clupea pilchardus 20-23 8, Texel dike; 64, surroundings Texel Hol 
3. Merluccius merluccius 357 off Zuiderhaaks, 18 m 

4. Hippocampus europaeus southern part Dutch coast 

5. Spondyliosoma cantharus DOGO Texel Hole-Oyster Grounds, 29-36 m 

6. Box boops 30 Texel dike 

7. Atherina presbyter 6-14.4 coastal waters 

8. Trigla cuculus 17.5-33 between Silverpit and Dutch coast 


II. Tardy southern species, that have possibly entered through Dover Strait. 


g. Petromyzon marinus 75 neighbourhood Texel Hole, 30 m 
10. Seylliorhinus catulus 2 613 6 59 neighbourhood of Texel Hole 
11. Raia brachyura 60-89 neighbourhood of Texel Hole 
12. Raia montagui 30-70 between Silverpit and Dutch coast 
13. Solea lascaris 26 N. of Terschelling, 38 m 
III. Southern species, supposed to have rounded Scotland. 
14. Cetorhinus maximus S25 Den Helder harbour 
15. Brama rait 51-60 14, stranded; 6, Texel Hole-Oyster Ground 
Northern species, that have reached the southern North Sea from the North. 
16. Gadus virens 41-22 neighbourhood of Texel Hole, 29-32 m 
17. Molva moiva 46 Texel Hole, 30 m 
18. Onos cimbrius 15, 18, 19, 20 Callantsoog—IJmuiden, 7-9 m 
19. Raniceps raninus 5.0—-5.7 5 from Waddensea, 5 from North Sea, 
2-15 m 
20. Labrus berggylta 31; 30 Den Helder dike; off Zuiderhaaks, 18 m 
21. Crenilabrus melops 3 18 off IJmuiden, 18 m 
22. Anarhichas lupus 36-45 neighbourhood of Texel Hole 
23. Scorpaena dactyloptera 15;17.7  Callantsoog, 9 m; near buoy Silverpit- 


Texel nr 3, 30 m 
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the North Sea through Dover Strait. The following notes on them 
may be added to the data in the list. Box boops rarely reaches our coast, 
only 8 specimens being known to us from there. Atherina presbyter may 
apparently propagate on our coast: about 100 young of 6 cm length 
were caught leeward of Texel in September. Trigla cuculus was less 
abundant in 1952 than during the period 1946-50; prior to 1940 it 
was rare with us. 

II. The numbers 9-13 comprise species that may have entered the 
North Sea through Dover Strait, but were only caught on their way 
back in winter. Of these, Scylliorhinus catulus hardly occurs in the 
North Sea, 5 specimens being known to us from the Dutch coast up 
till now; of Solea lascaris 10 specimens are now known from the Dutch 
coast. 


Numbers per month 
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III. Numbers 14-15 represent southern species supposed to have 
rounded Scotland. The invasion of Brama raii in the southern North 
Sea was less important in 1952 than in 1951, when 39 specimens were 
recorded, 35 of which between December 3 and 26 (2 specimens in 
January, 1952). The 1952-invasion took place earlier than that of 
1951, presumably as a result of early cold. 

It is gradually becoming clear that not only southern species are 
constantly on the move, but that the same holds to some extent for 
northern species. Their southern limit may shift from year to year. 
After the war it looked as if southern species in the southern North 
Sea had moved farther northward than previously and driven a num- 
ber of northern species back. Since then, some northern species seem 
to have retaken their former place. In order to get more insight into 
such changes also northern species have been studied by Mr Kris- 
TENSEN to some extent; they are mentioned in the list under numbers 
16-23. Onos cimbrius is not rare on the Oystergrounds, but seldom 
found nearer our coast, presumably because of the higher summer 
temperatures there. Scorpaena dactyloptera is very rare in the southern 
North Sea, from where 7 specimens are now known to us. T'wo species, 
not mentioned in the list, are Cyclopterus lumpus and Lophius piscatortus. 
Adults of Cyclopterus were rather common in early spring 1952, juveniles 
were numerous in the Waddensea in the autumn. Lophius was more 
common than in the foregoing years: 14 specimens were received from 
the vicinity of Texel Hole; most of these were young (25-49 cm), only 
one was older (81 cm). 

As in foregoing years, attention was also given to the Cephalopods. 
All of the species found in the southern North Sea are migrants, but 
they occur in different periods of the year. 

A specimen of Todarodes sagittatus was recorded from Texel Hole on 
May 8, and 2 Todaropsis eblanae were brought in from the same area 
on January 24 and May 22. T. sagittatus is nearly always found 
washed ashore; its capture by fishermen (as in this case) is a rare 
event. 7. eblanae is extremely rare in the southern North Sea. In 
addition to these, 2 specimens of Octopus vulgaris were received, one 
in November, the other in December, and 4 Eledone cirrhosa, 2 in May 
and 2 in December. 

For reasons of continuity and for sustaining the supply of material 
to University courses 88 Sepia officinalis, several hundred Loligo vulgaris 
and a thousand Loligo forbesi were bought. Among the Sepia’s, the 
1951 year-class was scantily represented. The 1951 year-class of Loligo 
vulgaris yielded 9 specimens in January (1952), this being a great 
exception; the species is a summer visitor to our coast (April—Septem- 
ber); 18 young ones, hatched in 1952, were received between Sep- 
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tember and November. The number of older Loligo vulgaris-individuals 
was relatively small, young ones were probably more frequent than usual. 

In connection with previous records, 10 Portunus puber may be 
mentioned; 4 came from the vicinity of Texel Hole, 6 from localities 
closer inshore. Further, 2 Maia squinado were also received from the 
vicinity of Texel Hole: a male with a carapace length of 14.1 cm on 
February 27, another male whose carapace length was 15.9 cm on 
November 25. Up to now, 3 records of this species are known to us 
from the North Sea. 

Finally, the increase in southern direction of Nephrops norvegicus 
should be mentioned. After the severe cold of early spring, 1947, the 
species had only one centre of occurrence in the vicinity of the Dutch 
coast, which was situated in Botney Gut, south of the Dogger. In the 
ensuing years it spread more and more in southeastern direction, until 
in 1952 2 specimens were caught in the Schulpengat near Den Helder. 
The following numbers were received from the vicinity of Texel Hole 
since 1947: 


1947 none 1950 5 
1948 none 1951 
1949 I 1952 17 


These records lead us to believe that, besides soft bottoms, severe 
winters are the main cause of the restricted occurrence of this species 
in the southern North Sea. 

The hydrographic investigations under the direction of Mr 
Posrma dealt mainly with two questions: the cycle of nutrients in the 
Wadden Sea, and the chemical composition of suspended matter. 

In previous years the study of nutrients was chiefly restricted to 
inorganic and organic phosphorus. This study, together with observa- 
tions on water movement and suspended matter, resulted in a better 
understanding of the basic principles of the cycle of organic matter in 
the Wadden Sea. In order to obtain more detailed information on this 
subject, the cycle of inorganic nitrogen compounds was included in 
the research in 1952. Besides, the study of the cycle of chlorophyll, 
already started in 1950, was continued in the course of 1952. It is hoped 
that in this way a more or less complete picture of the production of 
organic matter will be gradually developed. 

The chemical analysis of the suspended matter of the Wadden Sea 
was started by Mr ScHEELE of the Rijkswaterstaat, when he was on 
duty at our Station during the period 1936-1945. After the war, atten- 
tion was first given to water movements and the distribution of sus- 
pended matter over the Wadden area as a whole, without entering 
into the details of the composition of the suspended material. In the 
present state, however, a more extended knowledge of this composition 
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is again felt necessary, especially in connection with seasonal and geo- 
graphical differences and with the results of our investigations on 
molluscs. The analyses are now carried out by Mr Berks, analyst to 
the Station. 

It will follow from a later part of this report that Mr Postma 
participated in a combined geological and hydrographical expedition 
to the Caribbean Sea. In connection with his work at Den Helder, a 
study was made of the transport of suspended matter carried into the 
Caribbean by the Orinoco river. Certain aspects of this investigation 
may shed light on Wadden Sea problems. 

Relatively much time and attention was given to the study of sali- 
nity and oxygen content of the Nieuwediep, the harbour of Den Helder, 
from where the Station pumps its sea water. This inquiry was made as 
a result of the partial closure of the harbour in 1951. The question 
will be treated in fuller detail below. 

The investigations of Dr Tammes, concerned with the influence of 
waste water disposal on life in the sea, made good progress. The 
work included the study of several species. The uptake and removal 
of organic poison in the animal body was studied for different ages 
and at different temperatures. Also the disappearance of poison in 
the sea made part of the program. The primary importance of the 
results lies, of course, in the possibility of their application, but the 
purely scientific aspects give these results an interesting background. 
Dr Tammgs’ great technical ability, moreover, proved of much value 
to other workers at the Station. 

Before leaving this part of our report, concerned with research 
proper, mention should be made of a grant made by the Nether- 
lands Organization for Pure Research for an inquiry into lunar 
influence on the reproductive cycle of marine animals. The application 
for the funds had been made by Dr Korrinca and the undersigned 
and the research will be carried out at the Zoological Station by Mr 
DE BLoK. 

The summer courses, given at the Zoological Station in 1952, 
were attended by 22 students. The total number of man-days for 
individual investigators and summer course participants was 736; the 
number of individual workers was rather large, the average duration 
of their stay was short. The total number of visitors was not small, but, 
still, there was a decline since previous years. This situation in our 
opinion reflects the growing possibility for biological specialisation in 
our country. In addition, there is perhaps a growing inclination for 
institutions working on applied problems to obtain their scientists at 
an early age. 

Close cooperation was maintained with several authorities: the 
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Rikswaterstaat, the Government Institution for Fisheries Research, 
the Royal Netherland Meteorological Institute, the Government Insti- 
tution for Waste Water Research, University laboratories, etc. The 
German research vessel ‘‘Gauss’’ visited Den Helder in the beginning — 
of March. The English fisheries research vessel ‘Sir Lancelot” and 
the Dutch research vessel ‘‘Anthony van Leeuwenhoek” payed a visit 
simultaneously. On board the “‘Gauss” as well as in the Zoological Sta- 
tion a survey of some aspects of marine research now carried out by 
England, Germany, and the Netherlands, was given. The Netherlands 
Zoological Society held a meeting at Den Helder on the 19th and 2oth 
of September. On that occasion a general account was given of the 
results obtained at the Station since 1932. Six investigators gave lec- 
tures concerning their special fields of study. Apart from these occa- 
sions, the Zoological Station was visited by a small number of foreign- 
CES, 

For several reasons upkeep and repair of the building were rather 
neglected. This was partly due to an attempt at general economy, so 
that more money could be spent on the cutter ‘‘“Max Weber”’ for a 
new crank-shaft; partly, to the fact that the handiman during the 
summer months was burdened with additional duties. Repairs inside 
the building, which can be carried out in winter, are easier to accom- 
plish than outside upkeep, which should preferably take place in 
summer. In the autumn of 1952 most of the flooring in the building 
was varnished, several carpentry repairs were made and so forth. 

The new aquarium functioned well and will be a valuable addition 
when it becomes available for our own research. The aquarium was 
supplied with a glass roof in order to ensure an adequate light supply. 
We have in this way consciously accepted the possibility that the 
maintenance of a somewhat constant temperature would be difficult. 
Our reasoning was that in summer the temperature could be modified 
by whitewashing the windowpanes, whereas in winter it could be 
accomplished by heating. Contrary to our expectations, the summer 
temperature rose higher than is desirable, but the winter temperature 
never fell too low. For the present experiments we are using four 
1.5 K.W. electromotors. Part of their energy is turned into heat, which 
is accumulated in the water, well isolated in the subterranean tanks. 
The cooling of the water hardly keeps pace with the development of 
heat and even in periods of frost the water temperature hardly sinks 
below about 8°C. Fortunately, the aquarium in its final form will be 
in much better condition than now, because only one motor will be 
used. Still, difficulties in maintaining low enough temperatures in 
summer may be anticipated. 

The repairs of the “‘Max Weber’, already mentioned in the pre- 
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vious annual report, lasted until May and cost much more than 
anticipated, because the insurance refund was lower than expected. 
Part of this additional cost was overcome by economising on other 
items in the budget, part of it was paid by the Government. From May 
onward, the ‘‘Max Weber” was rather regularly in use. Either the 
ex-engineer of the lifeboat, Mr EELMAN, or our own technician, Mr 
Prins, acted as skipper. During the second half of 1952 the ship 
underwent a thorough overhaul, so that it was in satisfactory condi- 
tion at the commencement of winter. 

There were few changes in personnel. In the place of Mr Py, 
who left for New Zealand, Mr Brexe was appointed analyst from 
February 1st onward, whereas Miss H. NacrecGaat, who left for 
Australia, was replaced by her sister C. NacrecaaL. Mr Postma, as 
already mentioned, participated in a research expedition to the 
Caribbean Sea, organized by Royal Dutch Shell, from April 1 to Julyr. 
Thereafter, he visited the United States, especially Scripps Institution 
of Oceanography at La Jolla, California, and Woods Hole Oceanogra- 
phic Institution at Cape Cod, Massachusetts. His salary, which was 
then available for other purposes, was partly used for the temporary 
appointment of Mr pre BLox. 

The Station’s personnel at the end of 1952 consisted of: 

Dr J. VERwEy, Director 

I. KrisTeNnsEN, Biological research and supply of materials 
Dr J. WEsTENBERG, Biological research and library work 

H. Posrma, Hydrographic research 

Miss T. Stott, Administrator 

N. Prins, Technician 

M. Buure, Handiman 

A. DRAL, Biological analyst 

Cu. Bexe, Chemical analyst 

Miss C. NAGTEGAAL, Student analyst 

T. DE Borer, Student analyst 

Vacant, Resident caretaker-skipper and wife 

Mrs D. FERNHOUT—GLas, Char woman 

Dr P. M. L. Tamms, Applied biological research, paid by industry 
G. VAN DER WAL, Student analyst for Dr Tames’ research. 

The library conditions have improved since Dr WEsTENBERG 
took the responsibility of its care in 1951. Several pre-war exchange 
relationships were resumed. In addition, a number of new exchange 
agreements were reached. It was attempted to fill up gaps in the files. 
Much attention was also given to the binding of periodicals. Some 
new books were purchased, but the small library budget hardly 
permits expenses in this direction. A word of thanks is extended to 
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those inside and outside the Society, who furnished the library with 
books or reprints. ‘The lack of space for the library, which has been 
mentioned in several annual reports, is becoming more and more 
severe, and itis hoped that the Society will succeed in finding a solution 
for this difficult siuation. 

The supply ofstudy material was, according to our own notions, 
rather important. The receipts were about fl 4300.—, in which 
“Artis”, the Amsterdam Zoo, took an important part. The purchase 
of animals, including those for our own research and for aquarium 
food, amounted to about fl 3400.—, so that there was a surplus of 
flgoo.—. Up to this time, the cost of formalin, alcohol, etc. was 
never subtracted from the surplus. These costs in 1952 amounted to 
some fl 200.—, so that the profit realized was about fl 700.—. 

The Government grant in 1951 amounted to fl 60 400.—; in 
1952 it was about fl 66 800.—, in 1953 it is fl 70 o00.—, whereas the 
budget for 1954, if accepted by the Government, will call for another 
increase. These increases have been brought about in the first place 
by periodic salary increases, but for 1954 there is included in the 
request a sum of fl 1200.— for a new custodian with additonal duties 
as skipper on the ‘““Max Weber’’, a sum of fl 1200.— for electricity for 
the new aquarium, and an additonal sum of fl 6000.— for some expen- 
sive instruments. 

It was pointed out in the previous annual report that the year 1951 
ended with a deficit of fl 2822.48. When the repair costs of the ‘“Max 
Weber” appeared to be so much higher than expected it was apparent 
that this additional expenditure could not be met within the 1952 
budget. The Government then supplied the necessary financial aid 
to meet these costs and part of those for the vessel. Because of the high 
costs of the latter we were extremely economy conscious on other parts 
of the budget as well, with the result that the year 1952 ended with 
a deficit of less than fl 150.—. Once again, we should thank the Gov- 
ernment for the support it is giving to marine biological research. 

Finally, as in the previous report, a few words should be added 
concerning the construction of the new naval port in the imme- 
diate vicinity of the Station, which caused us much additional work. 
In September, 1951, the southern entrance of the Nieuwe Diep was 
closed and the surface salinity of this old harbour became much lower 
due tot the entrapped fresh water, sluiced in from the North Holland 
Canal. The Royal Dutch Navy, whose Ministry had guaranteed us a 
supply of good sea water, utilised a water supply boat, which furnished 
us with salt water from the Marsdiep. In the spring of 1952 it was 
decided to lengthen the existing cast iron piping by a plastic part to 
the bottom of the harbour. Salt water could then be furnished directly 
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from below, in front of the Station. Before the piping had been laid, it 
appeared that the oxygen content near the bottom had fallen consider- 
rably and the laying of the piping was postponed. After some further 
months of study it was decided to lay the piping, because the operating 
costs of the supply boat during summer would be higher than the 
costs of the piping. The piping was then laid in October, and since 
that time the Station pumps its water from a depth of 8 metres, 1.5 
metres above the bottom. We intend to use from now on the piping in 
winter, whereas during summer, should the oxygen content again 
decrease, a water boat will.supply water for the aquaria. The total 
cost of the plastic piping and water boat has amounted at this time to 
about fl 25000.—, which were paid by the Navy Department. 

The oxygen content of the water pumped from the bottom of the 
Nieuwe Diep was abnormally low even in October, but it is brought 
to the level necessary for the aquaria through changes in the water 
circulation. As stated already, we do not expect this temporary situa- 
tion to suffice in the summer months. This winter, however, a connec- 
tion between the old and the new harbour has been made not far 
from the Zoological Station, and it is hoped that the oxygen content 
and salinity conditions may improve. The study of the condition of 
the water is therefore being continued. 


Den Helder, February, 1953 
J. VERWEY 
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I, INTRODUCTION 


During the past five years investigations concerning the distribution of 
the genus Drosophila in Europe show a remarkable progress. A vast 
amount of data has so far been collected for Switzerland (BuRLA 1948, 
1949, 1951), South and Western France, Spain and Portugal (BuRLA 
and GLoor 1952, Haporn et al. 1952) and Scotland (BASDEN 1952, 
1954). 

From the Netherlands with its typical lowland biotopes of polders, 
marshland, dunes and fluvioglacial sands with heathland and pine- 
forests hardly anything was known. For this reason a study into the 
distribution of the various species of the genus Drosophila has been 
started in our country in 1950. The first results were published in 1951 
(LEVER and Sosets); the data extending over the years 1950-1952 
will be summarized here, special consideration having been given to 
the composition of the populations under different oecological condi- 
tions. 

The flies were trapped by the method of PaTTEeRson (1943), using 
1Jn collaboration with R. J. T. Durven, M. Hyinx, E. L. M. J. Hozssexs, J. P. 
Kruyt and N. SpRONK. 
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tins placed on the ground which contained fermenting fruit of different 
kinds. After having been used for a few days the old bait was discarded 
and replaced by new. For identification the key of BuRLA (1951), but 
also, though to a lesser extent, those of Dupa (1935) and PATTERSON 
(1943) were used. 

The total number of flies which has been caught and identified 
throughout this investigation amounts to about 30.000. 

Considering the various biotopes it is self-evident that the natural 
biotopes form the most interesting category. In a densely populated 
country like the Netherlands, however, pure, untouched wild spots 
are relatively rare. Therefore special consideration was also given to 
the populations of orchards which form such a characteristic feature of 
many a Dutch landscape. A number of gardens have also been sampled 
in those regions which have been studied more intensively. 


II. NATURAL BIOTOPES 


The various localities where flies have been collected are shown in 
fig. 1. They are discussed below and the most characteristic species are 
mentioned. A detailed record of the different trapping stations is given 
in table 1. A systematic grouping of more or less similar biotopes at 
different localities has been attempted. The arbitrary character of such 
a subdivision will easily be recognized, as on the other hand, a grouping 
of different types of trapping sites in the same locality was also thought 
to be desirable. The localities are indicated by numbers and the respec- 
tive trapping sites at the same locality by letters. 


A. DUNES AND COASTAL AREA 


1. Huisduinen (28 VII-1 VIII, 1950). Pine plantation in dunes, with 
undergrowth of Rubus, Sphagnum and Polygala. D. subobscura dominating. 
Total of 354 specimens of 3 species. 

2a. Loosduinen (5-18 VIII, 1950). Inner border of dunes planted 
with Quercus; undergrowth of Betula, Sambucus, Rubus and Calluna. D. 
subobscura dominating, high frequency of D. phalerata, D. immigrans 
common. Total of 136 specimens of 9 species. 

2b. Inner border of dunes planted with Pinus austriaca, and Quercus; 
undergrowth of Calluna. D. subobscura dominating, D. phalerata frequent. 
Total of 69 specimens of 7 species. 

3a. Near “‘Overduin”’, Oostkapelle, Isle of Walcheren (19-31 VII, 
1950). Dunes 200 m from the sea with a vegetation of low bushes and 
shrubs consisting of Sambucus nigra, Salix repens and Betula; undergrowth 
of Calamagrostis arenaria, Calluna, Jasione montana, Galium verum and 


TABLE I 


The numbers of Drosophila trapped in natural biotopes. 


N= number of individuals; °% = relative frequency of the species; -+- = less than 0.5 %- 


Dunes and coastal area Woodland | Open areas Marshland : Watercourses 
1 | Total per 
| species 
Species I 2a 2b ga 3b 3c 4a 4b 4c 5 6 7 8 9 10 11 12 13 14 15 16 17 
N % N % N % N % N % oN % N % N % N % N % N % N % iN Zot || eee voy Pua % N % Ne % oN % N % N % N % N % N % 
z = ath ) ul 
FUP TONSE soy eee 62 | = ae 7 I 1 + 8 +4 
HIWEBIA oe Ga 6 € ee I I 45 4 2 I I I 3 a ee 7 1 2 = 61 1 
Ua Tee o D ack OS ES SS I i SS ae — oo | = — Se 2) 
melanogaster... . + —_- — I I I 1 63 26 23 3 4 I 4 2 3 + 26 8 ie I 13 2 2 + 163 34; 48 30 50 35 89 61 20 16 14 2 3 1 — — 770 58 765 71 | 2063 22 
Obscura omen eit he - ee 9 we ds) 5 24 Id 95 8 rq 6} 2r 16 288 1J5 4 1 9 2 | 25 4 — —|— — 10 TY —— —aeeor 3 
SULUSSiy Sime amet on cee 10 (2 — | — = —— 10) = 
Pasir, 8 A no © 3 I A Se) I 1 + 42 25 612 53 164 47 I I 16 E3 a= 2 | ES 6 1 — —|— — 318 I 1 + 878 10 
bifasciata ~ 3) = = —- — 2 I 1 i a7 r—- — 3 2 2 +5 8 2 2 I II 2 — = a 38 + 
ambigua .....- fee SSI} 2 phe Se 3 Pe wee 02) 14 o4 — = 8 (2 — — re — — 59 I 
subobscura. . . «= > 339 95 70 51 51 74 158 65 516 70 35 11 86 52 240 21 66 19 70 52 288 55 451 98 253 53 5I 32 53 37 53 37 70 55 377 66 348 96 9 23 343 26 218 20] 4145 46 
helvetica: -ay-tse ier ten _ —_ I I 5) te. _ 24 4 1 + —- — r+ — — 84 I 
transversa . 1. ss = 12 4 3 2 3 4 1] I Ba 2 nd Te a t+ 2 = = 2 + Ir 3 —- =— 21 2 5 + 69 1 
phalerata 3s 5 1s — — 39 29 II 16 3 I 49 ee 20275 I I 29 3 => = 32 24 35 Uh ee I + a 3 2 = = 9 TE lays BS yp 5] Il 1 2 + 526 6 
huntzeter ee een - — 2 i 14 4. = = 10 r—- =} —- — Ce Oe ee |e 5 3/|—- = 6 5 10 2 — — 3) oe eyo 9 1 149 2 
limbatasmg mares ae -< — — er ot 3 rs SSS SS SS SE yy sk 
bittoralts 3 vi EO —_ _ I I Fl I a —- — — — — — 5 1 — —/] 2r 52 40 2 12 I 86 I 
festacea. ss es = = = 3 I ee = — = — = = I + te rete 
fuubps-eeen ee 3 2 — — I 5 94 13 3 1 — — 18 2 44 13 - = 4 I — — — I 1 — — 15 3 = — |) 9 I 6 I 206 2 
hyde. | Maee Sago ae _— = 1 + —-— => = — 49 10 59 37 31 22 I I I I — ot 2 59 5 || eons 
immigrans. . . . + — — ~X3sn'te «1 = — = =— B I 3 I 3 2) Or 5 3 I 5 4 34 i oe he 3 2 30 5 - =| =] = = —> =| ess 
Senestrarum . 1... 1 + — = == iss eee, 62 = aN Ss ea eS e ae 
COMET EID ts srt — — — 24 —- —-] —- —- — = = = = — ee EB + 
aes ee — — — = “ a I 1 18 14 Poe Se | = SS 20. + 
polychatta. . ....- _— — = = — is = poe) ee eke |e Ee a SS a we apes 
[~ __| t 
Total per trapping site 354 136 69 241 732 322 167 1144 346 134 521 459 477 . 158 144 145 127 568 363 40 1336 1082 go65 
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Euphrasia stricta. D. subobscura dominating ; D. melanogaster very frequent; 
only record of D. fenestrarum. Total of 241 specimens of 8 species. 

3b. Border of a wood on edge of dunes, + 1000 m from the sea. For 
vegatation see 3 c. D. subobscura dominating, D. phalerata and D. funebris 
the next most frequent. Total of 732 specimens of rr species. 

3c. Coppice woodland behind the dunes, + 1300 m. from the sea. 


Fig. 1. The trapping stations in natural biotopes — 1. Huisduinen; 2. Loosduinen; 
3. “Overduin’”? Oostkapelle; 4. ‘“Berkenbosch”’ Oostkapelle; 5. Leuvenum; 6. Het 
Woold; 7. Soesterberg ; 8. ‘‘Prattenburg’’ Veenendaal ; 9. Bemelen (near Maastricht) ; 
10. Lemiers (near Vaals) ; 11. Gagelpolder (Westbroek) ; 12.‘‘De Hel” Veenendaal ; 13. 
Oldeneel (near Zwolle) ;14.Winterswijk ; 15.Oedingse beek; 16. Jekerdal; 17. Geuldal. 


Planted with Fraxinus, Acer, Alnus, Sorbus aucuparia and Prunus padus; 
undergrowth of Rubus and various ferns. D. phalerata dominating; D. 


subobscura less frequent. Total of 322 specimens of 11 species. 
4a. Near ‘‘Berkenbosch’’, Oostkapelle, Isle of Walcheren 3-13 Vill, 


1952). Coppice woodland with clearings, just behind the dunes, 
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+ 350 m from the sea. Planted with Acer, Betula, Prunus padus. Under- 
growth of Teucrium scorodonium, Rubus, Epilobium and various ferns. D. 
subobscura dominating; D. iristis very frequent; D. obscura common. 
Total of 167 specimens of g species. 

4b. Forest walk behind the dunes, + 400 m. from the sea. Planted 
with Quercus; undergrowth of Alnus, Betula, Fraxinus, Sorbus, Rubus and 
Pieris aquilina. D. tristis dominating; D. subobscura the next most fre- 
quent; D. deflexa common; 2 specimens of D. cameraria. Total of 1144 
specimens of 14 species. 

4c. Parkland, + 450 m from the sea. Trees: Quercus, Acer and 
Aesculus; undergrowth of various shrubs. D. ¢tristis dominating; D. 
subobscura the next most frequent. Total of 346 specimens of g species. 


B. WOODLAND 


5. Border of a wood, Leuvenum (3 VIII, 1952). Trees: Quercus and 
Fagus; undergrowth consisting of Salix, Alnus, Betula, Myrica gale, and 
Urtica. D. subobscura dominating; D. phalerata and D. obscura frequent. 
Total of 134 specimens of 9 species. 

6. Forest, Het Woold near Winterswijk (3-31 VII, 1951). Trees: 
Quercus, Alnus, Acer, Fagus and Fraxinus; undergrowth consisting of 
Lonicera, Prunus, Acer, Corylus, Rubus. D. subobscura dominating D. helve- 
tica, D. phalerata, D. obscura and D. immigrans common; D. silvestris. 
Total of 521 specimens of 14 species. 

7. Firtree—heathland biotope, Soesterberg (1 VII, 1950). The border 
ofa firwood on the edge of heathland with scattered birch trees. Almost 
exclusively D. subobscura. Total of 459 specimens of 4 species. 

8. Border of a wood, near ‘‘Prattenburg’’, Veenendaal (3 VII, 1952). 
The border of a mixed wood on the edge of heathland and arable land. 
Trees: Pinus, Fagus, Quercus, Betula, Alnus; undergrowth consisting of 
Ruous, Urtica and various grasses. D. subobscura dominating; D. melano- 
gaster and D. hyde: frequent. Total of 477 specimens of 6 species. 


Cc. OPEN AREAS 


g. Bemelen, near Maastricht 18-21 VII, 1951). Open slope of a hill 
with scattered groups of trees and bushes consisting of Rosa, Sambucus, 
Rubus, Crataegus and Salix. Undergrowthcharacterized by an abundance 
of flowering plants as Teucrium montanum, Ononis repens, Centaurea jacea, 
Flypericum perforatum, Agrimonia, Achillea, Rumex, Campanula, Clematis 
vitalba and various Labiatae and Umbelliferae. D. hydei dominating; 
D. subobscura and D. melanogaster equally frequent. Total of 158 speci- 
mens of 3 species. 
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10. Lemiers, near Vaals (12 VII, 1951). Open grassland with scat- 
tered groups of trees and bushes, consisting of Crataegus, Sorbus, Corylus, 
Betula, Fagus; undergrowth of various grasses and Ranunculus, Urtica, 
Rumex, Taraxacum and Bellis. D. subobscura and D. melanogaster about 
equally frequent; high frequency of D. hydei. Though these small num- 
bers do not permit any definite statement a certain similarity of the 
populations in localities 9g and 10 may be observed. Total of 144 speci- 
mens of 6 species. 


D. MARSHLAND 


11. Gagelpolder, Westbroek (5 VII and 6 IX, 1950). Small peat island 
dispersed in waterland with a vegetation of Alnus, Rhamnus, Betula, 
Lonicera, Rubus, Phragmites communis and Sphagnum. D. melanogaster dom- 
inating; D. subobscura next frequent; 1 specimen of D. macularis. Total 
of 145 specimens of 5 species. 

12. De Hel, Veenendaal (26 VII, 23 IX, 1952). Peat and marshland 
with a vegetation of Phragmites communis, Carex, Comarum, Salix and 
Alnus. 26 VII, 1952: 32 specimens of which 16 D. macularis; 23 1X 1952: 
95 specimens of which 3 D. macularis, D. subobscura dominating. In total 
7 species. 

13. Wooded marshland, Oldeneel (24-30 VII, 1951). Grassland 
bordered by a small wood consisting of Populus and Salix, with an un- 
dergrowth of Salix, Alnus, Rosa, Urtica and Phragmites communis. D. 
subobscura dominating; D. phalerata and D. immigrans common; 1 speci- 
men of D. macularis. Total of 568 specimens of 15 species. 

14. Het Woold near Winterswiyk (20-25 VII, 1951). Marshland with 
isolated birch trees and willow bushes. Undergrowth of Molinia, Erica, 
Drosera, Eriophorum and Sphagnum. Almost exclusively D. subobscura. To- 
tal of 363 specimens of 4 species. 


E. WATERCOURCES 


15. Oedingsche beek (25-28 VII, 1951). The banks of a small stream 
with trees and bushes of Quercus, Fraxinus, Carpinus and Corylus; under- 
growth of Jris, Eupatorium, Verbascum, Carex, Urtica, Rubus and Galium. 
Bad weather limited the catches. Mainly D. littoralis. Total of 40 
specimens of 4 species. 

16. The banks of river Jeker, Canne (VII and VIII, 1951, 1952). 
Vegetation consisting of scattered groups of trees and shrubs. Trees: 
Populus, Fagus, Quercus, Corylus, Crataegus, Sorbus, Sambucus, Alnus, Rubus 
and Viburnum. Undergrowth characterized by an abundance of flow- 
ering plants as Vicia, Ranunculus, Papaver, Matricaria, Rumex, Convol- 
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vulus, Achillea, Hypericum, Trifolium, Symphytum, Ajuga and Valervana. 
D. melanogaster dominating; D. subobscura next frequent; D. kuntzet com- 
mon; D. rufifrons (nitens). Total of 1336 specimens of 15 species. 

17. The banks of the Geul stream, Meerssen (11-27 VII, 16-18 VIII 
1951). Scattered groups of trees and bushes consisting of Salix, Crataegus, 
Corylus, Alnus and Sorbus; undergrowth: Epilobium, Urtica urens, Myosotis 

palustris, Papaver rhoeas, Trifolium, Ranunculus, Alchemilla, Plantago media, 
Sonchus, Valeriana officinalis, Scrophularia, Matricaria, Ajuga reptans and 
Convolvulus arvensis. D. melanogaster dominating; D. subobscura next fre- 
quent; D. hydei common; D. polychaeta. Total of 1082 specimens of 13 
species. 

III. ORCHARDS 


Orchards cannot be considered as natural biotopes, but nevertheless 
they are of importance because of their uniformity of vegetation and 
microclimatological conditions. 

The location of the orchards under consideration is shown in fig. 2. 
A (Oldeneel), B, and B, (Nunspeet), GC (Houthem) and D (Caberg- 
Niesten) were planted with apple and pear trees. E. (Caberg-Broex) 
was a plum orchard. The results are shown in table II. 

TABLE II 


The numbers of Drosophila trapped in orchards. N = number of individuals; % = relativ 
frequency of the species; + = less than 0.5 %. 


Oldeneel Nunspeet Houthem CRUENS Caberg Total per 
roex Niesten species 
Species " B, By C D E } 
N % N % N % N % NOG N % N % 
defiexa’ Ba ee eee I + 2 + Be 5 8° + 
busckit . ; eh tg Il Ack I + 
melanogaster ea ee 63 8 205 g 806 37 724 33 126 50 1540) 187 3465 oF 
StINULGNS ae we tat i 1 + 4 + 5 On 
OME 6 Bs 5 25s 5 I 266 12 185 8 2 458 5 
silvestris 6. 6. 2. Ir. + i I aa 
tristis. . 9 lt 14a ts, 96 4 we Ss 223 2! 
bifasciata . 3 + 30 I 16 I 49 I 
ambigua 2 + 2 an 
subobscura . 6355-478. 1070 450. . Olde 7420 § (65° sar22 4S Tob 7 4202 4 
helvetica. 9 8 Hovl | or Te 5 I Sy 
transversa . . 27 3 6 + Ae ye ® I Sb 45 + 
phalerata 31 4 Oe: 70) aks 8 Q12 v. 
Kuntzet : eS ri 5 8 45 2 - — — Il t§r40 I 
limbata . 3 + I + 4 aa 
littoralis 5 I Go ste 8 a 
Sunebris : st coer iy 26 I Moy © & 6 + 3 I 12 Ea. L060 
hydet Pee we Bena ee —_ — 1 + I + Io + = 69 4 81 
immigrans. . . 4 + 18 I 22 I 19 I 63 i 
Total per trapping site 817 2170 2198 2204. 253 1762 94.04 
=A 
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It will be seen that D. subobscura and D. melanogaster are the two most 
common species in this biotope. A similar finding was recorded by 
Buria (1951) for Swiss orchards, though there D. melanogaster predom- 
inates over D. subobscura. Moreover, the frequency of D. funebris is 
definitely lower in the Dutch orchards than in those studied by Burra. 


Fig. 2. The trapping stations in orchards — A. Oldeneel; B 1,2. Nunspeet; C. Hout- 
hem; D. Caberg-Broex; E. Caberg-Niesten. 


Comparing the composition of the populations in the Northern lo- 
calities with those of the South it will be noticed that the number of 
species occurring in the first is much higher. At A, B, and B,, 15, 16 and 
15 species respectively were collected; in the Southern localities C, D 
and E, 12, 4 and 7 species respectively. The populations of Nunspeet 
(B, and B,) and those of Houthem (C) bear a certain similarity in their 
composition. Species like D. obscura, bifasciata, tristis, helvetica, kuntze: and 
phalerata are more common, however, in the Northern locality. It does 
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seem possible that such variations are due, at least in part, to different 
weather conditions during the collecting season in the two localities. 


Fig. 3. The trapping stations in gardens — r. Den Helder; 1. Zeist; m1. Utrecht; 
tv. Lunteren; v. Oldeneel; v1. Nunspeet; vu. Veenendaal; vir. Caberg; 1x. Geleen; 
x. De Bilt; x1. Oostkapelle; xm. Loosduinen. 


IV. GARDENS 


To complete our data on the distribution of the various species gardens 
were sampled at nearly all the localities where natural biotopes have 
been studied. The trapping stations are shown in fig. 3. 

The following species listed in order of frequency have been recorded: 
D. melanogaster, subobscura, obscura, helvetica, phalerata, funebris, tristts, 
kuntzer, immigrans, bifasciata, transversa, simulans, littoralis, ambigua, rufi- 
frons, hydet, limbata, busckit, testacea and histrio. The majority of these 
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populations is characterized by a large number of species. Favourable 
oecological conditions thus are apparently provided for a large number 
of species by the varied vegetation as usually found in gardens. 


V. THE INDIVIDUAL SPECIES 


The revision of names of some species recorded here is based on studies 
of BASDEN, 1952 (D. cameraria Haliday = syn. with pallida Zetterstedt) 
Cain, CoLiin and DEMEREC, 1952 (D. obscuroides Pomini = syn. with 
obscura Fallén) and HeErtinc, 1953 (D. rufifrons Loew = syn. with 
nitens Buzzati; D. deflexa Duda = syn. with Guyénoti Burla). 


Drosophila rufifrons Loew 1873 (Syn.: nitens Buzzati 1943). Localities: 
BOs tie LET E Xs 

This species has been recorded from some places in the middle and 
Southern regions of our country. The geographical distribution of the 
species seems of interest as it has been generally assumed that D. 
rufifrons was a mediterranean species. From Switzerland Burta (1951) 
records only two specimens, trapped in the Canton Waadt, North of 
the Lac Léman. Haporn eé al. (1952) trapped the species in France, 
Spain and Portugal, predominantly in dry biotopes planted with cork 
oaks. No exact data are available about the biotope which is preferred 
by this species. In addition it may be mentioned here that the only 
natural biotopes where we observed the species were small rivers. 


Drosophila deflexa Duda 1924 (Syn.: Guyénott Burla 1948). Localities: 
arn DAC l5; 03511 O01 7 AD al Bs! V- 

Small numbers of this species could be recorded from various bio- 
topes. 


Drosophila busckii Coquillet 1901. Localities: 2b, 3b, III, XII. 

Corresponding to the observations of other authors this species was 
only recovered in the neighbourhood of human habitations. Its pref- 
erence for mushrooms (see BASDEN, 1954) may be a reason that we did 
not trap the species on fermenting fruit baits. 

On two occasions it was caught abundantly in houses, one of these 
being a chickenhouse, which seems of interest in relation to BASDEN’s 
catches in a chickenhouse. 


Drosophila melanogaster Meigen 1830. Localities: 2a-14, 16, 17, A-E, 
I-XII. 

Records from nearly all trapping sites. Highest frequencies of this 
cosmopolitan and domesticated species were observed near houses. At 
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a relative short distance from houses (200 m), however, its frequency 
in the populations diminished to less then ten percent. Only in a few 
natural biotopes (11, 16,17) D. melanogaster has been observed to dom- 
inate over D. subobscura; less wooded country with a high humidity 
seems to be preferred. 


Drosophila simulans Sturtevant 1919. Localities: B,, B,, III. 

PATTERSON (1943) suggested that in mixed populations with D. me- 
lanogaster the relative frequency of this species increases along a North- 
South gradient. This was verified in Switzerland by Burta, who re- 
corded only 15 specimens North and 587 South of the Alps. The find- 
ings of Haporn e¢ al. do not corroborate this assumption, as in all 
Southern trapping sites of S.W. Europe the species only rarely has been 
observed. The authors, however, predominantly collected in natural 
biotopes and they explain the absence of D. simulans in their catches on 
its preference for human habitations. 

In relation to these findings the exceptionally Northern distribution 
in Western Europe, as shown by our data is of interest. The species was 
caught in a garden in Utrecht (III) and in two orchards at Nunspeet 
(B, and B,). 


Drosophila obscura Fallén 1823 (Syn.: obscuroides Pomini 1940). Localities: 
ga-8, 13, 16, A-C, I-VI, X-XII. 

The species is common in natural biotopes, especially in deciduous 
woodland. In contrary to BURLA’s and BAsDEN’s records for Swiss and 
Scottish woods respectively, where D. obscura was often observed as the 
dominating species, its frequency in the Dutch habitats never exceeds 
that of D. subobscura. A similar finding was recorded by Haporn et al. for 
D. obscura in S.W, Europe. 


Drosophila silvestris Basden 1954 (Syn.: Obscura — X of BuRLA (1951)). 
Localities: 6, B,, By. 

This species only recently described by BAspEN (1954) is, according 
to this author, the third most abundant of the Scottish species. BAsDEN 
found it most frequently in deciduous woodlands and in an old oak 
park. Burta who distinguished the species as obscura-X sampled it from 
similar habitats, though only 56 specimens out of a number of 21765 
flies in total. The only natural biotope where we found D. silvestris, 
with a frequency of 10 out of 521 individuals, was an old forest of oaks 
mixed with other deciduous trees (6). It was also observed in apple 
and pear orchards at Nunspeet (B,, B,) with a frequency of 15 out of 
4368 individuals. Its rare occurrence in the Netherlands and Switzer- 
land thus strongly contrasts BAspEn’s findings for Scotland. It therefore 
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seems possible that more Northern climatological conditions are fa- 
vourable for maintenance and extension of this species. Records of 
BasDEN (personal communication) of Northern Norway speak in fa- 
vour of this assumption. 


Drosophila tristis Meigen 1830. Localities: Ire ayes b=6j}910~1 9) 1601 7 
ASC, Tl=V. Vit, EX, X XII. 

The species is widely distributed, but only trapped in small numbers. 
In deciduous woodland behind the dunes near Oostkapelle on the Isle 
of Walcheren in Zeeland (4b, 4c) it has been observed as the dominating 
species in the population, namely 776 specimens in a total of 1490 
trapped individuals. A similar observation has hitherto never been 
made (cf. also Haporn et al. p. 156). 


Drosophila bifasciata Pomini 1940. Localities: 2a, 2b, 3b, 4a—6, 16, A-B,, 
Delt X 3X: 

This species is widely distributed especially in the natural biotopes, 
but only occurs in small numbers. In some instances, however, it may 
have been confused with D. obscura. Our observations agree with those 
of BuRLA (1951) and Haporn ef al. (1952) for Switzerland and S.W. 
Europe, respectively. 


Drosophila ambigua Pomini 1940. Localities: 3a—4c, 6, 13, A-B,, III, VI, 
Ex! Ie 

The distribution of this species in natural biotopes is much like that 
of D. bifasciata. According to Haporn ef al. it shows a preference for 
dry mediterranean biotopes. Small numbers have also been recorded 
from Scotland by BaspEN (1954). 


Drosophila subobscura Collin 1936. Recorded from all trapping sites. 
D. subobscura is without doubt the most commonly distributed spe- 
cies in the Netherlands. The same statement has been made for Swit- 
zerland by BurLA (1951), for South-Western Europe by Haporn et al. 
(1952) and for Scotland by BAsDEN (1954). With the exception of 3c, 
4b, 4c, 11, 16, 17, D and E this species dominated at all sites. The first 
three numbers refer to samples from dunewoods in Oostkapelle where 
D. phalerata, respectively D. tristis dominated (see p. 359-360). The other 
localities are in South-Limburg (Southern Netherlands). The relative 
low frequency of the species in the latter area might be due to the fact 
that here trapping mainly was carried out during the day-time, 
whereas D. subobscura occurred in abundance particularly at sunset. 


Drosophila helvetica Burla 1948. Localities: 5, 6, 13, 14, 16, A-C, III-VI, 
WII, X. 
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According to Buria (1951) and Haporn et al. (1952) this species pre- 
ferably lives in immature woodland with’a high humidity. The same was 
observed in our country. The species occurs with a lower frequency 
than in Switzerland, though in an old forest of oaks and other deciduous 
trees in the East of the Netherlands (6) 57 specimens were observed in 
a total of 521 collected individuals. 


Drosophila transversa Fallén 1823. Localities: 1-3c, 4b, 6, 7, 13, 14, 16, 
17) ASE, 1) Vs TX: 

This species is widely distributed but has only been sampled in small 
numbers. It was mainly found in woodland which is in accordance with 
the observations of Dupa (1935), BuRLA (1951) and BAspEN (1954). 


Drosophila phalerata Meigen 1830. Localities: 2a—4b, 5, 6, 8, 10, 12, 13, 
£5, 16,07 A=C THVT xXx 

In the Netherlands this species is undoubtedly the most common one 
of the Quinaria-group. It occurs predominantly in woodland biotopes 
composed of various deciduous trees. Inside coppiced woodland behind 
the dunes on the Isle of Walcheren (3c) 242 specimens out of a total of 
322 Drosophila individuals were collected. Our observations are in 
accord with those of BuRLA (1951), HApoRN et al. (1952) and BASDEN 


(1954). 


Drosophila kuntzet Duda 1924. Localities: 2a, 3c, 4b, 6, 10, 12, 13 ,15, 
TO, 7 AH Ce, Ele ee 

This species is rather limited in its occurrence. According to BuRLA 
(1951) D. kuntzei is characteristic for young woodland. On the banks of 
the river Jeker (16) near Canne and in an orchard at Nunspeet (B,) it 
has been collected in a relatively high proportion to other species. Near 
both localities there were, however, deciduous trees in the direct neigh- 
bourhood. D. kuntzei has not been recorded from Scotland (BasDEN). 


Drosophila limbata von Rosen 1840. Localities: 13, 17, A, C, III, V, 1X. 
This is a very rare species. Similar statements have been made by 


Dupa (1935), BuRLA (1951) and Haporn ef al. The species is not known 
from Scotland. 


Drosophila littoralis Meigen 1830. Localities: 4a, 4b, 13, 15, 16, 17, A 
B,, II-V, VII-X. 

The species is rather rare in the Netherlands. It was predominantly 
observed in the neighbourhood of water. This is in accordance with the 
findings of Burta (1951), Haporn et al. (1952). Its preference for 
biotopes with running water is confirmed from the records at site 15 at 


) 
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the stream of Oedingen in the Eastern-Netherlands where 21 specimens 
were collected out of a total of 40 individuals (see also locality 16, 
along the Jeker stream). 


Drosophila testacea von Rosen 1840. Localities: OMa6s TE LVo eins 
This species is very rare in the Netherlands. 


Drosophila funebris Fabricius 1787. Localities: 2a, Zao b AceO, aire 
03. .1O, i7,JA—F, J=xX: 

The species has been sampled from nearly all the localities so far 
investigated. It shows a pronounced preference for human settlements. 
In natural biotopes the numbers are in general low, with the exception 
of sites 3b and 4c on the Isle of Walcheren; locality 4c however, was 
only at a short distance of a country house. 


Drosophila hyde Sturtevant 1921. Localities: 3c, 8-12, 16, 17, B,C, E, 
Ill, [V, VI, VII-x. 

This species seems characteristic of the localities in the South (9, 10, 
16, 17), where it was trapped in high numbers. In other parts of the 
country it was only rarely observed with the exception of the border of 
a wood on the edge of heathland and arable land near Veenendaal (8). 
A certain preference for open areas seems to be suggested by our data. In 
the natural biotopes, investigated by HaporNetal. it was almost comple- 
tely missing. Its cosmopolitan distribution is discussed by BuRLA (1951). 


Drosophila immigrans Sturtevant 1921. Localities: 2a, 3b-6, 8, 12, 13, 
A-G, II, III, V-VII, [X—-XII. 

This cosmopolitan species seems to be very rare in Switzerland. 
BurLA (1951) therefore states: “Schweiz, Nordlich der Alpen sehr 
selten und wahrscheinlich nur sporadisch auftauchend’’. From S.W. 
Europe only a very few specimens were recorded by Hapvorw et al. As 
these authors exclusively trapped in natural biotopes they ascribe its 
absence to the fact that D. immigrans is a domestic species. BASDEN 
(1954) found this species in Scotland only in banana stores. 

Contrary to these observations the data of table 1 show that in the 
Netherlands D. immigrans is not at all uncommon. 

In natural biotopes, its average frequency is about 2-3 percent. 
Highest frequencies were actually recorded in woodland or in the 
neighbourhood of woodland (2a, 4b, 6, 13). In gardens the species is 
very common, so that it sometimes dominates in these populations 
(samples from the same garden in Utrecht (III) in different months 
of the summer showed a considerable increase of D. immigrans in Sep- 
tember). 
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According to SPENCER (1940) the species occurs in North-American 
populations predominantly in those biotopes where D. hydez is domi- 
nant. This phenomenon was not observed in our country (see table 2). 


Drosophila histrio Meigen 1830. Locality: III. 

Only two specimens were trapped in gardens in the town of Utrecht. 
This seems of interest as in Switzerland BuRLA (1951) only sampled the 
species from natural biotopes. 


Drosophila fenestrarum Fallén 1823. Locality: ga. 

Only one specimen trapped in a dune biotope at a distance of 200 m 
from the sea. According to DupA (1935) D. fenestrarum is very common 
in Sweden. Burta records only one specimen from Switzerland. 
Haporwn e¢f al. only found the species in Portugal. BAspEN (1954) and 
others collected it in Scotland, mainly by sweeping with a net. As he 
states, however, D. fenestrarum is not attracted to the usual types of 
Drosophila baits. 


Drosophila macularis Villeneuve 1921. Localities: 11, 12 13. 

So far only a few specimens of this species have been recorded, name- 
ly from Blain (Loire Inférieure), Rambouillet, Berlin, Budapest and 
Stadlau (Dupa 1935). We found D. macularis only in biotopes where 
reeds (Phragmites communis) grow. In ‘‘de Hel”? near Veenendaal (12) 
18 specimens out of a total of 127 collected individuals were obtained. 
Our observations thus are in full agreement with Dupa’s statement that 
this species only occurs in marshland with an abundance of reeds. 

After completion of the manuscript a sample from marshland near 
Amsterdam (Botshol) has been examined. There we found 6 D. macu- 
laris out of a total of 1432 specimens. 


Drosophila cameraria Haliday 1833 (Syn.: pallida Zetterstedt 1847). 
Locality: 4b. 

Only two specimens of this species were obtained in a wood behind 
the dunes near Oostkapelle (Walcheren). BurLA (1951) caught only 
one specimen in Switzerland. Haporwn e¢ al. (1952) did not find it rare 
in S. W. Europe; at some places they observed very high frequencies. 
BASDEN (1954) mentions it for Scotland. As the species only breeds in 
mushrooms its apparently rare occurrence in the Netherlands may be 
due to the fact that mushrooms were not investigated. 


Drosophila polychaeta Patterson and Wheeler 1942. Locality: 17. 
The first European specimen of this species is a female trapped near 
Meerssen at the Geul stream, South Limburg (27 VII, 1951). PATTER- 
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son and WHEELER (1943) sampled the species only from banana wharfs 
near Galveston, Texas, but assumed it to have immigrated from South, 
or Middle America. Another record is from the Hawaiian Isles and 
Guam (PATTERSON, personal communication). BaspEN (see SopeLs and 
BasDEN, 1953) found it on ships from West-Africa and Malaya at 
Liverpool. This shows how this apparently cosmopolitan species can 
become distributed. 

Most strikingly the specimen recorded here was caught in scattered 
woodland remote from houses, + 160 km from the sea. In addition it 
may be noted that the district of South Limburg is much frequented by 
excursionists from the big towns in the West. Banana peels left behind 
by such people might be responsible for its unexpected appearance at 
this wild spot. 


VI. SPECIFIED DATA ON SOME SPECIES 


Some preliminary observations of oecological work which is now under 
way, may be mentioned here. 
1. Seasonal shifts in the composition of the populations. 


TABLE III 
Seasonal variation in two populations of gardens in Utrecht. 


Site A Site B 
Species July September July September 
N % N % N % N % 

VLITONS hn ee. ek - I — I — 
busckiikts ULE IS ee SS — I I 
UCLONOCASTCTA) MAREINS) Gin =ie 54 8 245 42 66 18 109 Bui 
STATTLULOT Sie esa ae ea A = Q = 
ORT Oe Ore ae 4  — 4 — 12 3 6 2 
WSIS ee te sR en 8 — I — I — 6 2 
QCRENTOS 5 ae es Oyo - I -- 
CinUISUG eager en 2 0 — I — 
SUDODSCUTGS als 1 Eten OGL) BLOO Ne) BN 246 68 192 54 
AEDT S &. Pol b- eee el — 5 oo I — 9 3 
HOPSST SG oS 6 8 a6 6 — = I 
(UUIGTOND: 5 5 6 — 7 I 26 i 16 4. 
UNC nek es TOES thee, I — I = 
UOTE eo a0 9-680 6 I — I 
RHODES ee. 8 8 ee I 
WORIWUST ae eG 6 es 35 5 5 3 = 
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In order to study the changes in the composition of populations 
during the main breeding season samples were taken at the beginning 
of July and in September at two trapping stations in Utrecht, the re- 
sults of which are shown in table III. 

The data suggest that in the course of the summer D. melanogaster 
numerically increases, whereas D. subobscura tends to decrease. D. 
immigrans also shows an increase which was confirmed at another site. 
Moreover, the total number of species present in these populations in- 
creases, namely at locality A from 6 to 14 and at locality B from ro 
to 14. species. This phenomenon is probably a consequence of more fa- 
vourable breeding conditions during the warm months of the summer. 

2. Activity at different hours of the day. 

Haporn ef al. (1952) compared the activity of certain species in the 
morning and the evening. At seven different sites they sampled totals 


TABLE IV 
A comparison between morning and evening trapping at site 4b. 


5 - Morning 
Species Morning Evening Ryete 
CORA ooo oh. eg Bf ae 19) 28 0.6 
SWINDIRATIE «5 6 6M 6 6 71 169 0.4 
GUSCUNG 52), See Pi a 48 47 1.0 
ERUSEUSI Ne ore ee ee 155 457 0.3 
UMOMEGTODS 5 8 6 > 6 & 41 20 2.0 


of 4719 individuals in the morning and of 4427 in the evening. The 
following statements are based on these observation. D. tristis shows a 
significant preference for the morning and D. melanogaster for the 
evening, whereas the other species observed are in their behaviour 
intermediate between these two extremes. D. obscura, bifasciata, phalerata 
and kunizer were more frequently caught at the beginning and D. 
subobscura at the end of the day. 

A similar observation has been done at locality 4b. There we trapped 
359 individuals in the morning and 763 at the beginning of the evening. 
The numbers of the most abundant species and the ratio of the num- 
bers trapped in the morning and in the evening are shown in table 4. 

It will be seen that D. deflexa, subobscura and tristis show a greater 
activity in the evening, whereas D. immigrans was caught in greater 
numbers during the morning. D. obscura apparently has no distinct 
preference for either morning or evening. 

At another site an hour by hour sampling of D. subobscura (1400 
specimens) showed two peaks of activity for this species, namely one 
between g and 11 a.m. and one between 4 and 6 p.m; greatest activity 
was, however, observed at the second peak. 
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As far as D. subobscura is concerned our results thus seem to be in 
line with those of Haporn et al. D. tristis, on the other hand, behaves 
quite differently in this population, than in those investigated by the 
Swiss authors. But it should be mentioned that in view of the relatively 
small numbers not too much significance can be attached to the results 
discussed above. Moreover, temperature, humidity and intensity ofillu- 
mination presumably all influence the activity of these flies. As it cer- 
tainly would be of interest to know how the activity of the flies varies 
in conjunction with these factors such investigations are now underway. 


ACKNOWLEDGEMENT: We are much indebted to Mr. E. B. BaspEn for 
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VII. SUMMARY 


1. Tostudy the distribution of the genus Drosophilain the Netherlands 
samples were taken at various natural biotopes, orchards and gardens 
throughout the country. A total number of about 30.000 flies has been 
collected. The vegetation characteristic for the different trapping sta- 
tions is briefly discussed. 

2. In addition to the 12 species which in 1950 were collected for the 
first time in the Netherlands Drosophila rufifrons (Syn.: nitens), D. 
silvestris, D. simulans and D. polychaeta are here reported as new for the 
Dutch fauna. 

3. Separate records on the distribution and biotope preferences are 
given of the following species.: D. rufifrons, deflexa, busckii, melanogaster, 
simulans, subobscura, obscura, silvestris, tristis, bifasciata, ambigua, helvetica, 
transversa, phalerata, kuntzet, limbata, lrttoralis, testacea, funebris, hydet, 
ammigrans, histrio, fenestrarum, macularis, cameraria and polychaeta. The 
occurrence of these species in the Netherlands is compared with their 
distribution in other parts of Europe. 

4. Incidental observations on the biology of certain species suggest 
that in the course of the summer D. melanogaster and D. immigrans numer- 
ically increase, whereas D. subobscura decreases. D. deflexa, subobscura 
and tristis were found more active in the evening and D. immigrans in the 
morning. 
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WITH SPECIAL REGARD TO THE COLORADO BEETLE 
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LEPTINOTARSA DECEMLINEATA SAyY! 
by 
J. DE WILDE 
(Laboratory of Comparative Physiology, The University of Amsterdam) 


In temperate and cold zones the majority of terrestrial animals have 
to face the problem how to survive the cold season in a condition of 
slight activity. In the tropics, the same applies with regard to the dry 
period. In those species which, owing to special arrangements, are 
able to feed themselves during these periods, the activity of the gonads 
is arrested; reproduction synchronizes with the favourable season. 
With regard to insects, distinction has for a long time been made be- 
tween two groups, in which this synchronization would occur in two 
different ways. In homodynamic species, development and activity are 
directly inhibited by low temperature, drought, lack of food, to be 
again resumed on the return of physiologically favourable conditions. 
Heterodynamic species apparently pass on spontaneously to a condition 
of rest. In most cases this occurs before unfavourable environmental 
factors set in and is not simply terminated when these disappear”. The 
two groups are not so strictly separated as their name-giver RouBAUD 
(1922) supposed; transitions occur. Since HENNEGUYy (1904) the con- 
dition of quiescence or arrested development has been named diapause. 
This phenomenon has several aspects: ecological, evolutionary, mor- 
phological, and physiological. We shall confine ourselves to the latter. 
Diapause is not a clearly-defined physiological conception. It may 
occur during embryonic and postembryonic development and during 


1 Investigation supported by the Institute for Phytopathological Research (I.P.O.), 
Wageningen, The Netherlands. 

2 Since this communication was made, we have found that in Leptinotarsa the photo- 
period, in combination with temperature, is the decisive factor for entering into 


diapause. 
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adult life, but in different species always at the same, precise moment. 
In embryos it may occur during different stages of development; in the 
larva just before emergence from the egg, or shortly before pupation. 
During inactive stages (egg, pupa) we observe arrest of growth and 
differentiation which may last for months and is not terminated until 
exposure to certain critical low temperatures takes place. In active 
stages (larva, adult) the arrest is preceded by an introductory beha- 
viour (increase of nutrition, swarm formation, search for hibernation 
quarters). Changes in behaviour also persist during diapause itseif. 

In adult animals the activity of the gonads is arrested. 

One is inclined to ask which elements diapause has in common in 
all these cases. These elements are: 

1. Standstill of morphogenesis. 

2. Strongly reduced basal metabolism. The fact that the rate of basal 
oxygen consumption is 50% or less as compared with that in the 
active condition applies to eggs (BoDINE 1932), pupae (HELLER 
1926, AGRELL 1951) and adults (NECHELES 1924, FINK 1925, MAr- 
ZUSCH 1952). 

3. Low water content, strong fat deposit. 

In the pupae of some species of moths it appears that the reduced 
metabolism is caused by fundamental changes in the respiratory en- 
zyme systems. It is not our intention to dwell on this interesting phe- 
nomenon at present. 

In the following lines we are only concerned with diapause in adults, 
and especially with the Colorado Beetle, Leptinotarsa decemlineata Say. 

In the Netherlands this beetle oviposits form May till August. The 
larva moults three times whereafter it goes into the soil to pupate. Two 
weeks later the adult of the first generation emerges, occurring over a 
period extending from July to September. During warm summers a 
varying though small number of these beetles starts oviposition. The 
greater part, however, re-enters the soil after a short period of intense 
food intake and strong fat deposition. Beetles may already be found 
underground in the beginning of August. 

When taken indoors and kept at room temperature an increasing 
number of beetles emerges from the soil over a period extending from 
December to April. They are now able to take in food and, under 
suitable conditions, may begin to lay eggs. 

In physiological terms these phenomena may be described as fol- 
lows: In these beetles changes take place regarding animal as well as 
vegetative functions. An overall control mechanism must be present, 
which coordinates different functions in such a way as to first produce 
the resting stage and afterwards the state of reproduction. We shall 
describe some of these changes during pre-and postdiapause. 
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I. WATER RELATIONS 


In his famous monograph, Tower (1906) mentions that the beetle, 
shortly before entering into diapause, excretes a large quantity of wa- 
ter with the excrements and, in so doing, looses an average of 27% 
of its body weight. Fink (1925) describes a fall in water content (76 % 
at the beginning of pre-diapause, 59% at the end, 56% at the time 
of burrowing). A similar difference was found by BusNEL (1939) and 
by ourselves (Table I). 


TABLE I 
Mean values of H,O and fat contents as obtained in 4 determinations on 10 beetles 
each. Fat extraction by Soxhlet apparatus. The amount of free fatty acids was 
negligeable. 


3 Fat content H,Ocontent Fat content 
Tot. weight “0, of fresh % of fresh % of dry 1 °t- HAO 
aS weight. weight. weight. 8: 
after adult moult 759.6 2.0 Whos) 9.8 598.1 
6 d. prae-diapause 1044.1 4.0 71.0 10.1 738.4 
4 months diapause QI7.1 10.1 61.3 25.5 563.9 


In our own experiments we daily determined the weight of ro 
animals during pre-diapause. We also determined the quantity of leaf 
taken in and the weight and dry-weight of the excrements. The experi- 
ments were carried out in a constant temperature room at 25° C., 
R.H. 96%, illumination 3000 Lux during ro hrs. p. d. 

At the end of pre-diapause the water content of the excrements 
was lowered rather than increased. (Fig. 1). There was nothing to 
indicate a sudden rise in water excretion. Nor does the course of body 
weight give an indication of this (Fig. 2). 


Il. BEHAVIOUR 


The most conspicuous change of behaviour may be seen in the cessa- 
tion of food intake and in the digging-in at the end of pre-diapause. 
When the animals do not have sand or other granular material at 
their disposal, but e.g. layers of filter paper, they install themselves 
underneath and become immobile. 

Using primitive methods, BREITENBECHER (1918) investigated the 
reactions to light and gravity. Phototaxis was studied by placing the 
animals in glass tubes which were partly exposed to sunlight; the 
geotaxis was examined by placing them in gauze cylinders in a dark 
room. Creeping upwards indicated negative phototaxis. In this way 
BREITENBECHER found a positive phototaxis and a negative geotaxis 
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in active beetles, a negative or indifferent phototaxis and a positive 


geotaxis during diapause. 
It seemed important to us to verify this by the use of more exact 


methods and to follow closely the changes during prediapause. 


NEG. GEOTAXIS. 


14 «15 DAYS AFTER 
ADULT MOULT 


% OF ACTIVE ANIMALS 


POS GEOTAXIS 


Fig. 3. Course of geotaxis during pre-diapause. The straight lines give the percent- 
ages of negative, resp. positive choices ineach experiment. The broken line gives the 
mean value. Each point is obtained from 1o choices made by 10 animals each. 


To this purpose an apparatus was constructed in which both photo- 
and geotaxis could be studied. For the study of geotaxis the choosing- 
chamber was placed at an angle of 30°. Twenty beetles were used in 
each experiment, carried out in duplicate by alternately turning left 
and right side upwards. The result is shown in the diagram (Fig. 3). 

from this it is apparent that on the 6th—1ath day of pre-diapause 
(at 25° C.) a transition occurs from negative to positive geotaxis. A 
similar shift in phototaxis is apparent. This is most obvious in the % 
of negative choices (Table II). 


Ill. INFLUENCE OF TEMPERATURE ON BREAK 
OF DIAPAUSE 


During several winters we carried out experiments in our serial thermal 
cabinet in order to study the influence of low-temperature treatment 
on the termination of adult diapause. Our conclusion was that a treat- 
ment of 42 d. at 5° C. postpones instead of accelerates the termination 
of diapause (DE WiLpE, 1949). We now studied the effect of a rise in 
temperature. By a treatment with a temperature of 29-30° C. and a 
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TABLE II 


Change in phototactic behaviour on break of diapause obtained by exposure to 
30° C. during 21 days. P-value determined by Student’s method. Note that the 
decrease of negative choices is most obvious. Each number is the mean of 10 choices 
made by 10 animals. I = illuminated side; C = centre; D = dark side of apparatus. 


% negative choices. 


illumination elie (Lux) dina ppt ie Pp 
20 10 2.5 25 3.5 Za, 
58 22 5-5 24.5 3-5 <1% 
200 71 18 23.5 6.5 i 
2,500 500 125 29 8 <ly/, 
10,000 2,000 100 28 I sy 

°% positive choices 

gradient (Lux) in diapause alte AS 12) 
20 10 2.5 48.5 58 10-20% 
58 22 5-5 59-5 79:5 <1% 
200 Fi 18 50.5 56.5 20-30 % 
2,500 500 125 45 60.5 zu 
10,000 2,000 500 67.5 79.5 5-10% 


high degree of humidity, the diapausing beetles were induced to emer- 
ge from the soil within 21 days (Fig. 4). At the end of this period we 
observed the formation of vitellinised eggs in the ovaries of many 
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Fig. 4. Course of emergence from the soil after exposure to 30° C. and high humidity. 


beetles (Fig. 5). If the treatment was prolonged and food was given, 
the animals would feed and oviposit within a short time. 
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IV. DIAPAUSE AND OVIPOSITION 


Diapause and oviposition preclude each other. Factors which prevent 
diapause tend to increase egg formation. An outstanding example of 


Fig. 5. Left: ovarium of diapausing female. Right: Ovarium of diapausing female 
placed at 30° C. during 14 days. G = germarium V = vitellarium E.CH = Egg 
chamber. 
this was given during an experiment made in 1947 when 50 beetles 
were placed in a constant temperature room directly after the imaginal 

OO QO O moult at a temperature of 28-29° C. and 
illuminated with cooled lamps at 3750 
MN Oe O O Lux during 24 hrs. p. d. 

COCO Another group of 50 beetles, belonging 

Sa ee to the same culture as the first-named and 


O O emerged on the same day, was reared in 
O O the open. Both groups were fed on young 


O 6) GC) CQ) _ leaves. 


oy (o O OOO Only 50% of the first group entered 


into diapause, whereas 100% of the last 
group did so. In the 50 °%-group the females 
proceeded to lay eggs at a rate considerably 
higher than normal (Fig. 6). 

Mature eggs can only be formed if the 
oocyte receives a sufficient amount of yolk. 
The bulk of this yolk is added to the ovum 

ARE rs in the vitellarium of the ovarioles, whereas 
Bigty Siecor a srconnoramele the oocytes are formed in the germarium. 
lata and development of the Lhe ovarioles of Leptinotarsa belong, as in 
ovarioles in three stages of all Chrysomelids, to the telotrophic type. 
developmentoftheadultbeetle. Microscopical investigation showed that 
ovulation continues during diapause. The immature ova degenerate 
after some time, their contents seems to be resorbed by the egg follicle 
and the ovarian wall. 
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A positive correlation was found (Fig 7). We now presume that the 
absence of the corpora allata-hormone is the cause of the depressed 
ovogenesis during diapause. 

Transplantation experiments are in course to decide on this matter. 
The function of the corpora allata, however, is known to depend on the 
cerebral ganglion. It remains an interesting problem whether the coor- 
dination centre, mentioned in our introduction, is present here. 


SUMMARY 


This paper briefly deals with the results of experiments on some charac- 
teristic elements of diapause in the adult Colorado-beetle, Leptinotarsa 
decemlineata Say. 

It is argued that adult insects in diapause have some fundamental 
features in common with other diapausing stages, 1.e. 

1. Standstill of morphogenesis. 
2. Strongly reduced basal metabolism. 
3. Low water content, high fat content. 

It is shown that increased water excretion, as mentioned by TOWER 
(1906), does not necessarily precede diapause. 

During prediapause a gradual shift takes place in geotactic and 
phototactic behaviour. Geotaxis changes from negative to positive, the 
turning point being at the 1oth day. Phototaxis only becomes less 
positive. 

Diapause in Leptinotarsa is not broken by a stay at 5° C during 42 
days. At 29-30° C and high humidity, all diapausing adults emerge 
within three weeks. Under these conditions, vitellinized eggs begin to 
develop in the ovarioles. Complete ova are only formed when regular 
food intake has begun. 

The ovarioles of diapausing beetles resemble those of the Reduviid 
Rhodnus when the corpora allata are exstirpated. During various stages 
of adult development, the size of the corpora allata correlates with 
the vitellinisation of the ova. 
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THE POSTLARVALEL DEV ELOYT MENS 
OF THE PRON EPH ROS en 
CHANOS CHANOS (Forsk.) 


by 


Cc. HOLSTVOOGD 
(Amersfoort) 


In the Amniota and Selachii the pronephros is a vestigial organ. 
The other fishes and the amphibia have a functional pronephros in 
the larval stage. This organ is formed early; the number of nephrons 
is thereby soon definitely fixed, so that the development into a func- 
tional organ is based on an increase in size, but never on an increase 
in the number of nephrons. Only in a relatively small number of ‘Teleo- 
stei, mostly species of 3 to 4 inches, the pronephros remains perma- 
nently. It is formed by a single pair of nephrons which forms a cranial 
appendage of the rest of the kidney. The length of the tubules of the 
pronephric nephrons remains so small that the bloodpressure is suf- 
ficient to overcome the friction of the liquid in these tubules perma- 
nently. 

In Chanos chanos or ’’bandeng”’ as it is called in Indonesia, however, 
we have quite different conditions. Chanos is a fish the size of a fair- 
sized cod, showing the remarkable phenomenon that the pronephros 
continues to develop after metamorphosis. Proximal to the opening 
of the first pair of mesonephric nephrons new nephrons continue to 
appear and this goes on as long as the animal is growing. ‘The anatomi- 
cal conditions in the cranial part of the kidney in Chanos are apparently 
of such a nature that all potentialities of the pronephros come to 
development. 

Before proceeding to the description of the development of the kidney 
in Chanos, it is useful to make a distinction between nephrons and col- 
lecting ducts, though the boundaries between them are continually shif- 
ting in proximal direction. A nephron consists of a Malpighian body and 
a tubule, and the latter again has a proximal and a distal segment. The 
cells of the proximal segment have nuclei situated basally and a broad 
brush-border; those of the distal segment have nuclei situated cen- 
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Fig. 1. Chanos 11 mm, recon- 
struction of anterior part of 
kidney, < 300, ventral view. 
p-n.g. pronephric glomerulus, 
a.n.d. archinephric duct, II-V 
indication of the vertebrae 2-5 
drawn next to the figure for 
the sake of clearness. The band. 
across the tubules indicates. 
boundary between proximal 
and distal epithelium. 
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trally and a narrow brush-border. For the rest, the picture shown by 
the cells of the proximal segment is fairly divergent, depending as it 
is on the fixation and functional condition. 

When fixed in Romeis’ fluid (Romets, 1948) the protoplasm is much 
alveolated; when Bouin’s fixative is used a layer of homogeneous proto- 
plasm is seen beneath the brush-border, while in the rest of the proto- 
plasm granules can often be found that strongly stain with eosine. 
When stained in Heidenhain’s iron haematoxylin one sees numerous 
black inclusions in the protoplasm. 

In newly hatched larvae (length 5 mm) the kidney consists of 
two nephrons, whose tubules run without coils in caudal direc- 
tion. From position and bloodsupply of the glomerulus it appears 
that it is a typical pronephros, (HoLstvoocp, 1936). 

In animals of 11 mm (fig. 1) an additional number of nephrons has 
developed. We call them secondary ones because they open externally 
via the first pair. The glomeruli of the two primary nephrons have 
fused just like their Bowman’s capsules. Situated ventrally of the second 
vertebra, they are distinguished by their large dimensions. Blood is 
supplied directly by the aorta. The proximal epithelium runs un- 
interruptedly as far as the opening of the first secondary nephron, oc- 
casionally a little beyond it. On the dorsal side it may continue as far as 
the opening of the second nephron. The distal epithelium runs a little 
beyond the last secondary nephron, then it becomes flattened to pave- 
ment epithelium. The tubules of the secondary nephrons largely con- 
sist of proximal epithelium, only the junctional part has distal epi- 
thelium. 

Fig. 2 shows a reconstruction of the anterior part of the kidney of a 
specimen (13 mm long) whose metamorphosis has just started. The 
large glomerulus has shifted in caudal direction over half a vertebra. 
As we demonstrated in 1936 this is connected with caudal shifting of 
the arteria epibranchiale IV and the arteria coeliaca. On the right 
the foremost secondary nephron still opens into the proximal segment 
of the primary tubule. Farther on another bit of proximal epithelium 
in each of these tubules is found. Joining the distal epithelium of the 
secondary nephrons, distal epithelium has apparently pushed itself in 
between the proximal epithelium. The tubules of the secondary ne- 
phrons have considerably lengthened, which fact is mainly due to the 
distal segment. 

The animal from which the reconstruction, shown in fig. 3, has 
been derived, is somewhat shorter than the previous one, but more 
developed. The coils in the secondary nephrons have become less 
compact. ‘lhe proximal segment of the tubules of the primary nephrons 
has formed large coils, but the glomerulus is still beneath the second 
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Fig. 2. Chanos 13 mm, reconstruction of anterior part of kidney, x 200, dorsal view, 

p-n.g. pronephric glomerulus, a.n.d. archinephric duct, II—V indication of vertebrae 

2-5. The band across the tubules indicates boundary between proximal and distal 
epithelium, p.e. proximal epithelium, d.e. distal epithelium. 


vertebra. For this reason the forming of these coils cannot be attributed 
to a shifting of the glomerules, but they develop in situ. The spreading 
of the two kinds of epithelium over the primary tubules is still fairly 
equal to that of the previous stage. 

In a specimen of 12.7 mm (fig. 4) three kinds of epithelium can be 
observed on the primary tubules, namely: proximal epithelium, 
distal epithelium and epithelium typical of the collecting ducts. The 
latter is lower than the distal one and has homogeneous, dark-staining 
protoplasm. The cranial boundary of this collecting duct-epithelium 
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Fig. 3. Chanos 12 mm, reconstruction of anterior part of kidney, « 206, dorsal view, 

p.-n.g. pronephric glomerulus, a.n.d. archinephric duct, p.e. proximal epithelium, 

d.e. distal epithelium. From ‘A to B epithelium of which a number of cells still has 

the character of proximal epithelium. After B distal epithelium; II-IV indication 
of vertebrae. 


is situated a little beyond the opening of the second secondary nephron. 
As will become more evident below, this boundary is continually 
shifting in proximal direction. The secondary nephrons partly stretched 
themselves. A backward and forward running loop can be observed 
in it. In so far as they open into the collecting duct their end sections 
also have collecting duct epithelium. The proximal segment of each 
of the primary tubules has also formed a backward and forward 
running loop. The large glomerulus is now at the level of the third 
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160, dorsal view, p.n.g. pronephric 
—V indication of vertebrae 3, 4 and 5. 


from A to B distal epithelium. After 


B collecting duct epithelium. C young rudiment, D somewhat older. E place of opening of a young, but 
varying in development from C to E, III 


Fig. 4. Chanos 12,7 mm, reconstruction of anterior part of kidney, x 
glomerulus, a.n.d. archinephric duct. As far as A proximal epithelium, 
already functional nephron. The other ovals present the places of openin 


VI 


vertebra. Several new nephrons are to be seen. Some of these function 
already, others are still in the knob- or elbowshaped stage. It is remark- 
able that also an ‘‘anlage”’ has arisen on the proximal segment of one 


of the primary tubules. 
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Fig. 5. Chanos 28 mm, reconstruction of anterior part of kidney. * 45, dorsal view; 
p-n.g. pronephric glomerulus, a.n.d. archinephric duct, s.g. glomeruli of the two 
most anterior of the old secondary nephrons, on the right these glomeruli have fused. 
1, 2, 3, 4, 5, openings of the old secondary nephrons in the archinephric duct. 
Furthermore there is a complete reconstruction of a young, but functional nephron; 
of the others only the opening is given. Rudiment of nephrons are drawn dark black. 
As far as A proximal epithelium, distal epithelium as far as B, after B collecting duct 
epithelium; [II-VI indication of the vertebrae 3-6. 


The reconstruction in fig. 5 presents a picture of the anterior part 
of the kidney of a Chanos specimen of 28 mm, with the restr.ction 
that of the younger nephrons only the openings have been indicated. 
An exception has been made for one of these nephrons; its tubule is a 
compact mass, just as in secondary nephrons in animals of 12 mm. 
Furthermore, to the left and to the right, two old secondary ne- 
phrons are drawn completely; they are conspicuous by their solid 
structure. An important part of the forward running loops has now 
attained the function of collecting ducts. Young rudiments are nume- 
rous; they are partly attached to the segments with proximal epithe- 
lium. The pronephric glomerulus is now situated beneath the anterior 
of the fourth vertebra. 

So far the Malpighian bodies of the old secondary nephrons could 
be distinguished from the other ones by their large dimensions. In 
animals of 35 mm this is no longer the case. For this reason the recon- 
structions shown in figs. 6, 7 and 8 have been restricted to the primary 
nephrons. The pronephros glomerulus remains recognizable by its 
medial position at the radix of the arteria coeliaca (Hotstvoocp, 1936) 
and by its bloodsupply by means of a small artery originating 
ventrally from the aorta. The later formed glomeruli receive their 
blood from sidebranches of the aorta along which they are arranged 
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Fig. 6. Chanos 35 mm, reconstruction anterior part of kidney, x 92, dorsal view, 
p-n.g. pronephric glomerulus, a.n.d. archinephric duct, III-IV indication of verte- 
brae 3-5. See for letters A—E, table on page 395. 


in clusters. Compared with the previous stage the pronephric glo- 
merulus has again shifted in caudal direction, but the cranial boundary 
of the kidney has kept its old position, just as the loops in the primary 
tubules. One strongly gets the impression that the cranially running 
incipient part of each of these tubules has been newly formed. This 
impression is supported by the peculiar spreading of the kinds of 
epithelium out of which they are composed. 

The way the different kinds of epithelium are spread over the primary 
tubules becomes clear when we assume that the elongation of these 
tubules is based on the growth of the part with proximal epithelium, 
whereby the earliest part again and again loses its function. At a 
certain moment the epithelium in this excretorily functionless part 
starts regenerating into distal epithelium. 

Originally this new part is situated between two sections with proxi- 
mal epithelium. In the animal from which the reconstruction of fig. 8 
has been derived (column V and VI) this process has progressed so 
far that the distal part of the proximal epithelium (C) has lost its 
character as such. The right tubule of the animal of 35 mm (fig. 7, 
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Fig. 7. Chanos 35 mm, reconstruction anterior part of kidney, 92, dorsal view, 
see for explanation fig. 6. 


Fig. 8. Chanos 42 mm, reconstruction anterior part of kidney, x 65, dorsal view. 
See fig. 6 for further explanation. 
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SURVEY OF THE KINDS OF EPITHELIUM 
OUT OF WHICH THE INCIPIENT PARTS OF THE PRIMARY TUBULES 
ARE FORMED IN ANIMALS OF 35, 35 AND 42 mM 


35 mm, fig. 6 


I. A. proximal II. A. proximal 
B. basophilic B. basophilic 
C. proximal C. proximal 
D. distal D. distal 
E. collecting duct epithelium E. collecting duct epithelium 
33) Ward, 16K. 7) 
III. A. proximal IV. A. proximal 
B. basophilic B. proximal; irregular, pale, 
homogeneous protoplasm 
C. proximal C. distal, with here and there 
dark nuclei 
D. distal 
E. collecting duct epithelium E. collecting duct epithelium 
42 mm, fig. 8 
V. A. proximal VI. A. proximal 
B. basophilic B. basophilic 
C. irregular, greatly affected by C. irregular, affected by 
lymphocytes lymphocytes 
D. distal D. distal 
E. collecting duct epithelium E. collecting duct epithelium 


IV) has lagged behind. Part C is to be considered as the remnant of 
the previous renewal stage; presently, so we may picture it, somewhere 
near XX (fig. 7) basophilic epithelium will again appear as the be- 
ginning of the next epithelium regeneration. 

The assumption that the growth of the tubule is brought about by the 
renewal of the proximal part is confirmed by what is found in an 
animal of 55 mm (fig. 9). The coils that join the glomerulus on the 
left must have been newly formed. The proximal and distal sections 
of the primary tubules, when compared with animals of 28 mm and 
younger, now consist of newly formed elements. The glomerulus is 
now but slightly larger than other twin-glomeruli, which are met with 
in the kidney here and there. The originally dominant pair of primary 
nephrons is reduced to a pair of common nephrons among many 


others. 
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Fig. 9. Chanos 55 mm, reconstruction anterior part of kidney, x 78, dorsal view, 

p.n.g. pronephric glomerulus, a.n.d. archinephric duct. As far as A proximal epi- 

thelium, from A to B distal epithelium, after B collecting duct epithelium, III-V 

indication of the vertebrae 3,4 and 5. The dotted line indicates the anterior bound- 
ary of the kidney. 


Fig. 10, 80 mm, shows the caudal outgrowth of the coils that join 
the pronephric glomerulus. A similar outgrowth occurred in the old 
secondary nephrons; see figs. 4 and 5. The course of the loops in the 
primary tubules appears to be rather variable, but in spite of that, in 
this animal we find them again in still clearly recognizable form. 

In an animal of 250 mm (fig. 11) new nephrons are also originating 
again along the caudal outgrowth bordering the pronephric glome- 
rulus. The youngest two have been reconstructed. The most proximal 
one is still in the S-shaped stage, while the other one has much farther 
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Fig. 10. Chanos 80 mm, reconstruction anterior part of kidney, 44 dorsal view, 

p.n.g. pronephric glomerulus a.n.d. archinephric duct. As far as A proximal epi- 

thelium, form A to B distal epithelium, B is followed by a part of irregular epithe- 

lium, which, after the first side-ducts, changes into the epithelium of the collecting 
ducts. [V—V indication of the vertebrae 4 and 5. 


developed (compare fig. 5). As a variation of this stage we give a 
reconstruction of the initial part of the pronephros of an animal of 
200 mm (fig. 12). In spite of the great difference in the course of the 
primary tubules, we also see much similarity; on the left the incipient 
part shows a caudal outgrowth, on the right we observe intricate coils. 
Throughout the entire kidney of this specimen, in the proximal ep1- 
thelium of a considerable number of the nephrons, we find granules 
highly staining in eosine. They are likewise found in the proximal 
epithelium of the primary tubules. The excretorily active parts of the 
pronephros! differ in no respect from those of the other nephrons, ex- 
cept perhaps by a somewhat more solid structure (see photographs). 
In animals of 450 mm, the pronephric glomerulus, recognizable by 
its characteristic position and bloodsupply could easily be found again. 

When Chanos has reached the length of about 900 mm it is mature. 
These animals are hard to obtain in fresh condition. Externally the 


1 Viz. the glomerulus and the proximal and distal sections of the primary tubules. 
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Fig. 11.Chanos 250 mm, reconstruction anterior part of kidney, x 27.5, dorsal view, 

p.n.g. pronephric glomerulus, a.n.d. pronephric duct, r. rudiment of a still baso- 

phyllic nephron, j.n. young nephron already functional. Proximal epithelium as 

far as A, from A to B distal epithelium, after that comes a part of irregular epithe- 

lium, acquiring the character of the epithelium of collecting ducts at the first 
openings. 


kidney of these animals does not differ from those of 250 mm (figs. 13a, 
13b). Naturally the sections of the anterior part of the kidney fixed 
about 6 hours post mortem were not perfect; yet it could be ascer- 
tained that tubules and Malpighian bodies occurred as far as the most 
anterior end. In addition to the animals discussed in this paper, a 
larger number has been investigated more superficially; from them 
it appeared that the primary glomerulus sometimes gets an asym- 
metrical position, so that one primary tubule has to pass underneath 
the aorta. In some cases only one tubule was left. 


Finally, the results of our investigation have to fit in with the present 
knowledge of the structure and development of the kidney of the 
Vertebrata. No easy task, as reports on a persistent pronephros in 
fishes have often met with a certain suspicion and vexation. When 
BaLrour happened to come across RosENBERG’s publication (1867), 
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Fig. 12. Chanos 200 mm, reconstruc- yyy mits 
tion of a part of kidney, x 60, p-n.g. 
pronephric glomerulus, a.n.d. archi- 
nephric duct, m.1°.n. opening of the zie 


most proximal nephron. Proximal \ 
epithelium as far as A, from A to B : 
distal epithelium, after B the epi- 
thelium of the collecting ducts. The 
dotted line indicates the cranial boun- 
dary of the kidney. 


Ex. 


Fig. 13a. Kidney of a Chanos of 250 mm, 


y, a. aorta, a.br.art. epibranchiale, 
v.c.a. vena card. post., a.m.a. art. coeliaca + art. mesenterica ant., a.m.p. art. 


mesenterica post., u.b. urine bladder. 


Fig. 13b. Anterior part of the kidney of a Chanos of 980 mm, « 4, vert. I first vertebra, 

vert. XI eleventh vertebra, a.p. pectoral art., a. aorta, v.c.a.s. left vena card. ant., 

v.c.a.d. right vena card. ant., a. br. epibranchial art., r. impressions of ribs; v.s.b. 

cavity filled in by an outgrowth of the swimming bladder. The pronephric region 
of the kidney lies ventrally from the vertebrae 3, 4 and 5. 
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in which the latter put the headkidney (Hyrrt, 1851) on a par with 
the pronephros, he took the trouble to examine the kidneys of Esox 
lucius, Osmerus eperlanus, and Anguilla anguilla, but in the cranial region 
of the kidney of these fishes he found only lymphoid tissue. 

In November 1881 and January 1882 he reported on his investi- 
gation” and he concluded: ‘‘As the question at present stands, it appears 
to me that the probabilities are in favour of there being no functionally 
active remains cf the pronephros in adult Teleostei, and that in any 
case the burden of the proof rests with those who maintain that such 
remnants are to be found.’’ Now it is remarkable that in December 
1881, Emery made a communication about the occurrence of a func- 
tional pronephros in the mature Fierasfer, and the next year (1882) 
he was able to give Zoarces as a second example of a persistent pro- 
nephros. Emery’s report made little impression, and when in 1883 
PARKER, who after BALFour’s death continued his work, lectured on 
the kidneys of fishes, no mention was made of Emery’s findings at all. 
GroscGLik (1885) was more positive about EMERy’s work. GROSGLIK 
also investigated the kidneys of a number of bony fishes (Cyprinus 
carpio, Esox lucius, Rhodeus amarus, Gasterosteus aculeatus) but no more 
than Batrour did he find any trace of a pronephros in adult animals. 
According to GrosGLik, EMERy must have worked with material not 
yet fully developed. 

History repeated itself with the fine investigations of GUITEL (1903, 
1905, 1908). Aupicé (1910) did not find a single species with a per- 
sistent pronephros in his extensive material and he is sceptical about 
GuITEL’s results. In 1932 PADovANI examined the kidneys of <oarces 
viviparus, Gobius minutus, Hippocampus brevirostris, and Sygnathus acus but, 
unlike Emery and Guiret, did not meet with a persistent pronephros. 
In 1936 the present author found a persistent pronephros in Dermo- 
genys pusillus, while in 1941 GERARD could confirm GUITEL’s results in 
Cottus gobio, and was able to add two other examples to the list, now 
comprising about 20 species. 

What then can be the reason of the sceptical attitude towards com- 
munications on the occurrence of a persistent pronephros in Teleostei ? 
It leads sometimes to the following strange syllogism (GRosGLIk, 1885) : 
Fierasfer has no permanent pronephros, since carp, pike, stickleback 
and tri on have none. An answer to this question will be obtained by 
paying attention to the theoretical consideration this sceptical attitude 
arises from. 

“Dans l’ontogénie comme dans série ascendante des Vertébres le 
développement (des reins) se fait dans le sens cranio-caudal et que c’est 
la région la plus caudale qui reste seule fonctionelle” (PADOVANI, 1932). 

Are some Teleostei an exception to this rule? 


a.n.d. p-n.g. 


Photograph a. cross section through C of Fig. 12, x 96; a.c. art. coeliaca, p.n.g. 
pronephric glomerulus, a.n.d. archinephric duct. 


p.n.g. 


Photograph 5b. the outlined part in photograph a, x 384, p.n.g. pronephric glo- 
merulus. 


Photograph ¢. a cluster of ordinary glomeruli from the same section. 
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If we want to compare the theories on the development of kidneys 
of the Vertebrata with the results of our investigation, it will be neces- 
sary to go into it somewhat more extensively; in this we follow IHtr’s 
summary (1924). According to RUckeErr the kidney of the Vertebrata 
must be derived from a series of segmental excretory tubules that ori- 
ginally stretched up to the posterior end of the trunk. The anterior 
part maintained its original character and became pronephros, but 
in the more posterior end the tubules were reduced and replaced by 
newly developed ones, thus forming the ‘‘anlage’’ of the mesonephros. 
RUckert considered pronephros and mesonephros as two different 
organs which phylogenetically originated one after another. This con- 
clusion is not conSrmed by the results in Chanos. Pro- and mesonephros 
are parts of one organ which can only be told apart with difficulty. 
Also according to BALFour and to SEckGwik the primitive Vertebrata 
had an excretory organ that stretched over the entire length of the 
trunk. It differentiated into 2 or 3 parts situated the one behind the 
other and gradually merging into each other. According to these 
authors pro- and mesonephric tubules are primary ones, which are 
serially homologous: pro- and mesonephros are parts of the same 
organ, the holonephros. The findings in Chanos confirm this final con- 
clusion but not the presuppositions it is based on. In Chanos the pro- 
nephric nephrons are the primae inter paris, which go through all the 
adventures of the secondary nephrons, those of the mesonephros, but 
nevertheless remain primary. The development of the kidney of Chanos 
reminds one of the growth of a plant. At first there is only a germ- 
plant with two leaves (pronephros). Later on side-branches (meso- 
nephros) develop and while these are branching off in their turn, 
new side-branches continue to develop on the stem itself. 

Just as the structure of the young stem goes on changing, so does 
the epithelium of the nephrons. That which first consisted of proximal 
epithelium, has distal epithelium later on, and still later on the epi- 
thelium of the collecting ducts. The entire development of the kidney 
in Chanos can be seen as the development of one single pair of nephrons, 
the pronephros. 

BuRLEND (1931) derived the kidney from a pair of folds in the 
somatopleura that have taken over the function of the coelome as 
excretory organ. These folds closed into two ducts, while here and there 
communications with isolated parts of the coelome remained. The 
isolated parts of the coelome developed into glomeruli, the communi- 
cations into tubules, which from the very first need therefore not have 
been arranged segmentally, though they are so now by the segmental 
arrangement of spinal-nerves, myotomes, etc. Thus BuRLEND was of 
opinion that the way in which the kidney arises in Myxinoidea, Teleo- 
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stei, Dipnoi, and Amphibia (Apoda excepted), is typical, whereas 
according to the older theories this way of originating has to be con- 
sidered as atypical. According to BURLEND investigators were too much 
influenced by the way the kidney originated in Gymnophiona (BRAUER, 
1902) and some Selachii, a.o. Acanthias (BoRCEA, 1906). In BURLEND’s 
view it is incorrect to think a way of origin atypical when it is exactly 
that way which leads to a good functional organ. If one wants to 
take a primordial form of the Vertebrata as a starting point, it is to 
be expected that more of the original condition has been left in the 
lower Vertebrata than in the higher ones. 

The tubules of the primary nephrons that run without coils in 
caudal direction, represent the archinephric ducts, to wich the 
glomeruli are joined as isolated parts of the coelome. According to this 
theory these tubules consist largely of proximal and distal epithelium. 
The same condition is found in young specimens of Elops, Megalops and 
Chirocentrus (Hotstvoocp, 1936). According to KINDAHL (1937) the 
cranial part of the archinephric duct in Protopterus, Neoceratodus, and 
Triton is formed by proximal epithelium. 

The absence of pronephri-> tubules, in the sense of the older theories, 
is according to BURLEND’s theory a primitive condition and needs no 
further explanation. 

According to the older theories the development of the archinephric 
ducts, as presented by figs. 3-12, is a curious anomaly but it conirms 
BuRLEND’s view, for the archinephric ducts together with the glomeruli 
form the primitive excretory organ and these two nephrons are dis- 
tinguished only from those that originate later. by being the first. 
Experimental embryological investigation has confirmed the leading 
part te archinephric duct plays in the development of the kidney. 
In Amblystoma punctatum the archinephric duct develops independently 
of the rest of the pronephros, as was demonstrated by VAN DETH (1946). 
CAMBAR (1947) showed that after displacement of a part of the archi- 
nephric duct and extirpation of the rest, the mesonephros only develops 
well opposite the displaced part. 


About four fifths of the work necessary for the publication of this paper was carried 
out in Indonesia during the years 1936-1939; it was interrupted by the war. The 
rest of the sections was prepared in the Department of Prop. Zoology in Amsterdam. 
My colleagues Mr H. J. Haantyes and Mr K. Piy~MaN converted my reconstruc- 
tions into attractive figures. After my repatriation Dr J. D. F. HaRDENBERG, director 


of the Laboratory for Marine Investigations at Djakarta, kindly supplied me with 
some material. 
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SUMMARY 


The development of the pronephros of Chanos chanos is described as it 
occurs after metamorphosis. Anyhow the growth of the pronephros 
continues until the animal has reached a length of 450 mm, but it is 
probable that the development goes on as long as the animal itself 
increases in length. During this development the pronephric nephrons 
sustain all changes that take place also in the mesonephric nephrons. 
Thus the pronephros of Chanos has quite a different character from the 
ones which have so far been described in literature. When finally the 
theories on the derivation of kidneys of vertebrates are surveyed, it 
appears that the results obtained tally best with those of BuRLAND. 


REFERENCES 


AupicE, J., 1910: Contribution a l’étude des reins des poissons ‘Téléostéens. Arch. 
Zool, Cxpera,, (5), 4. 

Batrour, F. M., 1881: Die “‘Kopfniere’’ der ausgewachsen Teleostier und Ganoi- 
den Biola @entrably tl: 

Batrour, F. M., 1882: On the nature of the organ in adult Teleosteans and Ganoids 
which is usually regarded as the Head-Kidney or Pronephros. Quart. Journ. 
Micra SGre22: 

Borcea, J., 1906: Recherches sur le systéme urogénital des Elasmobranches. Arch. 
ZOOL. Exper. (+)>, 4. 

Braver, A., 1902: Beitrage zur Kenntnis der Entwicklung und Anatomie der 
Gymnophionen. 3. Die Entw. der Excretionsorgane. Zool. Jahrb., Anat., 16. 

Burtenp, T. H., 1931: The origin of the archinephric duct of Vertebrates. Amer. 
J. Anat., 48. 

Deru, J. H. M. G. van, 1946: Experimental embryology in the Netherlands 1940— 
1945 by M. W. WorRDEMAN and Cure. P. Raven, Amsterdam. 

Campar, M. R., 1947: Nouvelle preuve expérimentale du réle inducteur du canal 
de Wolff sur la morphogenése du mésonéphros des Amphibiens anoures. C. r. 
AcadaoGhs 220% 

Emery, C., 1881: Zur Morphologie der Kopfniere der Teleostier. Biol. Centralbl., 1. 

Emery, C., 1882: Etudes sur le développement et la morphologie des reins des 
poissons osseux. Arch. Ital. Biol., 2. 

Emery, C., 1885: Zur Morphologie der Kopfniere der ‘Teleostier. Zool. Anz., 8. 

GERARD, P., 1941: Sur la persistance d’un pronéphros functionnel chez les Téléo- 
stéens adultes. Ann. de la Soc. Royale Zool. de Belgique, 72. 

Groscu, S., 1885: Zur Morphologie der Kopfniere der Fische. Zool. Anz., 8. 

Groscum, S., 1886: Zur Frage iiber die Persistenz der Kopfniere der Teleostier. 
ToL, LMAn Ah 

Guiret, F., 1905: Sur les Reins du Caularchus maeandricus Girard Gobiésocideé de la 
céte Américaine du Pacifique. Arch. zool. expér., (4), 4. 

Guiret, F., 1906: Recherches sur l’anatomie des reins de quelque Gobiésocidés. 
Arch. de zool. exper., (4), 5. 

Guitet, F., 1908: Sur la persistance du pronephros chez les Téléostéens. C. r, Acad. 
Sci, 147. 

Hotstvoocp, C., 1936: The development of the mesonephros in some Teleosts. 
Wormerveer, Netherlands. 


404 Cc. HOLSTVOOGD 


Hyrtt, J., 1851: Das uropoetische System der Knochenfische. Denkschriften d. 
K. Acad. d. Wissensch. Math. — Naturw. Cl., 2. 

Inte, J. E. W., 1924: Leerboek der Vergelijkende Ontleedkunde v. d. Vertebraten, 
Utrecht. 

Kinpaut, M., 1937: Zur Entw. d. Excretionsorgane von Dipnoérn und Amphibien. 
Acta Zoologica, Stockholm, 19. 

Papovanl, J., 1932: Sur le pronephros de quelques Téléostéens. C. r. Soc. Biol. 
Paris, 110. 

Parker, W. N., 1883: On the kidneys of Teleostei. Rep. Brit. Ass. for the Advance- 
ment of Sc. 52 Meeting. 

Romers, B., 1948: Microcospische Technik, 15 Aufl. 

ROSENBERG, A., 1867: Untersuchungen tiber die Entw. d. Teleostier-Niere, Dorpat. 


HY DRIO.G RA PH Yy 
OTH EDU Ci WA DD.EINTS EA 


A STUDY OF THE RELATIONS BETWEEN WATER MOVEMENT, 
PEE SWANS PORT (OR Sub ND Dp 
MATERIALS AND THE PRODUCTION OF ORGANIC MATTER 


by 


H. POSTMA 
(Koological Station, Den Helder, Netherlands) 


CONTENTS 
I. Introduction 
1. Development and purpose of the investigation . ........ . 406 
22. Wescripionvol the area investigated)... +.) aM sen) « soles ne ths eeeaon 
Sy, Seuamolinaey Aimcl IES 495 0 6 6 oo 0 0 5 8 oo 8 ee ee AO 


IT. eee the exchange of water between Wadden Seaand North Sea 419 


. Distribution of salinity and temperature . . . Seen, 2 0%0) 
2. The influence on water movement of differences in aces A 120 
3. The transport of fresh water . . . 431 
4. Segmentation as an empirical approach 6 ake Selec a water ex- 
Clipe Se ween Seer eer oe a rrr eer. gyi 
IIJ. Distribution and transport of suspended matter 
1. Tidal variations of suspended TENANT? Bik HCC! SHON, 5 Gn HIME 
2. Observations near moving floats. . . . L tyslpp iy bg CORE ea 4: 
3. The geographical distribution of eeoleee notes es. s. RS 
ae Uramsport Ol sUspendeaustltre mabe ew copies we ape sue) ae eS 
5, Ilse Arecbeann Bingoyn wou SuRjxernekechotlin 5 6 5 Ho alo 6 o 6b ob ao AYO 
IV. The cycle of organic matter 
1. Quantity and composition of particulate organic matter .. . 475 
2. The relation between suspended organic matter and the total amount 
CO SUS ICHIGO uIMATeLICwe BN era ch fon Mele phn os ceek ae oe exes ee 
3. The cycle of phosphorus. . . . 483 
4. The exchange of phosphorus Benveen Wadden Sea aed North Seq. 4 O2 
5. The production of organic matter. . . . g : : . . 499 
cp ee AR ea ae ee eS 


WAlpa BT teTANUINCaieame:, Mess 0p Paiva Rome wet vie ete eS) ss vate Soares pee east 508 


4.06 H. POSTMA 


1. INTRODUGTION 
I. DEVELOPMENT AND PURPOSE OF THE INVESTIGATION 


This paper is concerned with the hydrography of part of the Dutch 
Wadden Sea. During recent years coastal waters and more especially 
estuaries have received much attention. One reason is the increased 
economic and social importance of these areas, which made a better 
knowledge of their hydrographic conditions desirable; the other reason 
is the advance of marine science, which contributed to an increased 
theoretical interest in estuarine problems. 

The present investigation has been stimulated by biological work 
carried out by the Zoological Station at Den Helder. The chief line 
of research of this institution is the ecology of marine animals, which 
requires a profound knowledge of their environment. Bottom structure, 
tidal movements, temperature and salinity are among the outstanding 
factors regulating the distribution of these animals; the availability of 
organic matter and, indirectly, of nutrient salts, determines their 
potential growth. 

Therefore, many data about these hydrographical elements (in- 
cluding bottom structure) have been collected over a number of years. 
A study of water movement and the distribution of salinity and tem- 
perature has already been published (Postma and VERWEY, 1950; 
PostMA, 1950). The seasonal variation of nutrients in the harbour of 
Den Helder was studied by ScHEELE and VERWeEy (unpublished). The 
composition of suspended matter has been analysed by ScHEELE at the 
request of the “‘Rijkswaterstaat’’, who were interested in this subject 
for reasons of land reclamation. 

There is a close interrelation between the above-mentioned subjects, 
which makes it difficult to study them separately and renders it valuable 
to discuss them as a whole. Above all, knowledge of water movement 
is fundamental. Without this knowledge it is impossible to study mat- 
ters of transport, to understand the reason for the actual composition 
of suspended maiter, and to investigate the cycle of nutrients. Moreover, 
a study of nutrients must remain incomplete, if we do not consider how 
they affect the suspended organic material. 

The above subjects will therefore be discussed heresimultaneously,and 
stress will be laid on their interdependence. Chapter IT is concerned with 
water movement, chapter III with the transport and distribution of suspended 
matter, and chapter IV with the seasonal cycle of nutrients and organic matter. 

1. In studying water movement, the exchange of water between the 
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Fig. 1. Location of the area investigated, indicated by the rectangle; the arrows 
in the North Sea refer to the position and length of the sections of Table 13. L indicates 
the position of the lightvessel Texel. 


Wadden Sea and the open North Sea will be emphasized. The con- 
centration within the Wadden Sea of some substance or other (e.g. 
a nutrient or river water) depends on the rate of supply of this substance 
from, for instance, the main land, and the rate of exchange between 
the Wadden Sea and the North Sea. The greater this exchange, the 
more important will be the influence of the North Sea on the Wadden 
Sea. An attempt will be made to find a quantitative measure for this 


rate of exchange. 
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2. As regards suspended matter, superficial observations already show 
that the water of this region is very turbid. This becomes especially 
clear when the area is compared with the open North Sea. In the 
Wadden Sea a white disc, lowered into the water, is only visible to a 
depth varying between 0.5 and 5 meters, whereas the visibility in the 
North Sea mostly extends to ten meters or more. Exact measurements 
in many different parts of the Dutch, German and Danish Wadden 
Sea have confirmed that large quantities of material are present in 
suspension. In chapter III an attempt will be made to explain the 
presence of these large quantities of suspended matter. In this connec- 
tion knowledge of the water exchange between Wadden Sea and North 
Sea is indispensable. 

3. As part of the suspended material the organic matter is naturally 
subject to the same laws of transport as the suspension itself. The cycle 
of nutrient salts and the production of organic matter will be discussed 
in chapter IV. It will appear that a distinction must be made between 
the production of organic matter within the Wadden Sea itself, and 
the exchange of organic matter and nutrients between the Wadden 
Sea and North Sea. It goes without saying that here again knowledge 


NORTH SEA 


Kornwerder _ 


Fig. 2. Map of the western part of the Dutch Wadden Sea; intertidal flats are 
enclosed by dotted lines of Mean Low Water. 
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of the rate of water exchange is of primary importance. Of the various 
nutrients especially phosphorus was studied in detail. 

I owe many thanks to Dr. J. Verwey, director of the Zoological 
Station, for his stimulating interest taken in my work and his valuable 
advice. Thanks are also due to Prof. Dr. G. P. BAERENDs for his critical 
reading of the manuscript. The analyses of the large numbers of samples 
would not have been possible without the assistance of Miss E. Grorn, 
Mr. N. Py and Mr. A. Drat. The manuscript and the tables were 
typed carefully by Miss T. Srotu. To Mr. J. Sprexerman, den Helder, 
I am greatly indebted for his thorough correction of the English text. 


2. DESCRIPTION OF THE AREA INVESTIGATED 


Viewed as a whole the Wadden Sea is an oblong coastal sea, on one 
side bounded by the continental coast, on the other separated from 
the North Sea by a chain of islands. Its total length from Den Helder, 
Holland, to Esbjerg, Denmark, amounts to several hundreds of kilo- 
meters, whereas the distance between the coast and the islands is only 
some dozens of kilometers. 

Between the islands several tidal inlets form the connection with 
the North Sea. Every inlet supplies a small region of the Wadden 
Sea with water. From the point of view of water movement every area 
is well separated from its neighbours and can therefore be considered 
an independent unit. As the areas are similar in many respects con- 
clusions gained from research in one of them can often be applied to 
the others. 

In every area the tidal inflow and removal of water takes place 
through a rather complicated system of tidal channels and creeks. 
Going inward the channels decrease in capacity until they gradually 
merge into large tidal flats (Wadden). 

Many parts of the Wadden Sea receive fresh water from the main- 
land, some of them in large, others in small or even insignificant 
quantities. Generally speaking, the salinity of the Wadden Sea is 
therefore considerably lower than of the North Sea. 

The investigations here dealt with were chiefly carried out in the 
westernmost part of the area. This part is connected with the North 
Sea by the tidal inlet of Den Helder (Marsdiep, figs. 1 and 2). Up to 
1931 the Zuiderzee — as it still was then — was connected with this 
area by a broad open expanse of flats and channels, through which 
all water flowing into and leaving the Zuiderzee under influence of the 
tides passed. The course of the channels reminds us even at the present 
day of that state of affairs. In 1931 the Zuiderzee was closed off by a 
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heavy dike, the “‘Afsluitdijk”, which turned it into the “‘TJsselmeer” 
The Afsluitdijk thus forms the boundary of the area under discussion. 
Fresh water from the IJsselmeer enters the Wadden Sea at low tide 
through two sets of sluices, situated at either end of the Afsluitdijk 
near Den Oever and Kornwerderzand. The IJsselmeer in its turn 


TABLE I 


Numerical data of the Marsdiep area; compare fig. 2. 


1. Total area covered . . Oe he tlt Fontan: 0.69 x 10° m? 
2. Dry at mean low water (M. i Ww. 1 3 Ree Se Ges Opt SX BKo)) sae 
3. Average depth at mean sea level (M.S. i ) Aenean 3.9 m 
4. Water volume at M.S.L.. . . ie as Cake Penson: ae elO ae 
5. Average tidal amplitude at Den Helder. 3. eet eac 1.35 m 
6. Water volume at mean high water (M.H.W.). . . . . . Vee al winle 
7. Water volume at M.L.W. . . : 229 X10" mes 

8. Water volume entering the area through the Marsdiep eich 
the flood and leaving with the ebb. . .. . 0:93, 2102 am 

g. Average discharge per tide of fresh water fon the eee 
meer (1949, 1950, 1951) . . - Niet elena sE- serg why ne 16.8 x 108 m3 
10. Fresh water discharged at Den Oever a Me kee 10.3 X 108 m% 
11. Fresh water discharged at Kornwerderzand. . . : 635 <x 10° ms 
12. Average discharge per tide of fresh water at Den Helder 5 ON a TOs mas 


Remarks: 1, 2, 3: derived from a chart of the Dutch Hydrographic Office; 5: from tables of the Rijkswaterstaat; 
g: unpublished measurements of the Rijkswaterstaat; 10, 11: data from the Dienst Zuiderzeewerken; 12: data 
from the Provinciale Waterstaat van Noord Holland. 


receives most of its fresh water from the [Jssel, a distributary of the 
Rhine. Smaller quantities of fresh water reach the Wadden Sea 
through locks near Den Helder and at two points on the Frisian coast. 
Numerical data about the tidal movements and volumes of water are 
given in table 1. The transport of water under influence of the tide is 
very considerable; as compared with the total quantity present in the 
rea, the supply of fresh water is comparatively small. The area is on 
the average very shallow, although depths up to 30-50 m occur in the 
tidal inlets. 
The bottom of the larger part of the area consists of sand; mud is 
only found in sheltered places, for example on tidal flats near the 
coast and in some dammed-up channels, compare p. 473. 


3. SAMPLING AND ANALYSES 


Several thousands of water samples have been taken over the whole 
area of investigation, the larger part of them between Den Helder and 
Den Oever. 

Generally speaking, surface samples were taken with a galvanised 
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iron bucket. In the case of samples to be analysed for suspended ,rattem 
a special water bottle was used (see below), because when a bucket 
is used particulate matter easily sinks down 
before the water is transferred to a bottle. 

Surface temperature was determined imme- 
diately after sampling with a frameless and 
verified thermometer divided into tenths of 
centigrades. Reading was accurate up to about 
0.03°C; for series of observations the relative 
accuracy was about 0.02°C. 

For subsurface samples, except for those to be 
analysed on suspended matter, the well-known 
Nansen reversing water bottle with reversing 
thermometers was used; the temperature read- 
ings are accurate up to about 0.01°C. Samples 
for determining the quantity of suspended mat- 
ter were obtained with a simple water sampler 
of our own design (fig. 3), by means of which 
the sample bottles, lowered into the water, were 
filled on the spot. 

This sampler for particulate matter works as follows. It is lowered into the sea on 
a steel wire (A), which is provided with a tripping mechanism (B). Bij means of 
a so-called messenger, lowered along the steel wire, a short rope (C), connecting 
the sampling apparatus (E) with B, is released from B. E drops down until the 
slack lower loop of A is taut. The drop stretches a third line D connecting B with 
the rubber hoods closing the bottles, so that the hoods are torn off. Water flows 
into the bottles through a long and wide tube, and the air escapes through a short 
narrow one; the filling of the bottle requires only a few seconds. When being pulled 
up, the instrument is not closed; nevertheless, no appreciable quantity of suspended 


matter “‘rains”’ into the bottles during that period. 
The instrument functions properly at least to a depth of about a hundred fathoms. 


Fig. 3. Sampler for 
suspended matter. 


The samples were analysed in the laboratory. The various processes 
of determinations will be discussed hereafter. Special attention will 
only be given to some newly developed or modified methods. 


A. Salinity (Chlorinity) 


A. Salinity (Chlorinity) was determined according to the wellknown 
Mour-Knupsen method for sea water, modified by Van Dam (1940). 
In this modification the KnupsEN pipette of 15 cm® was replaced by 
Van Dam’s micropipette with a volume of about 1 cm®. The silverni- 
trate solution was diluted accordingly. 

The procedure has the advantage of being faster than the standard 
one without being less accurate. Accuracy has been maintained by 
using potassium chromate in the same quantity as in the standard 
procedure. This means a higher concentration of chromate at the end 
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point of the titration, the volume being only half as large. Therefore, 
the solubility product of silver chromate is easily attained after the 
precipitation of chloride has been completed. Moreover, at the end 
point of the titration the quantity of silver chloride is much smaller 
than is the case in the standard method; the delay of colour change 
catsed by absorption of chloride ions at the precipitate is therefore 
probably shorter. 


B. Suspended matter 


a. Quantitative determination. Suspended matter was separated from the 
water by filtration under suction. Ash-free filter discs with a diameter 
of 5 cm and of normal gradation (SCHLEICHER and SCHULL, nr. 589) 
were used. Compared with very fine-grade filterpaper 3°% at the 
utmost of the suspended matter was lost in passing through the filter. 
This was considered to be a negligible quantity. A greater loss occurs in 
fresh water, so that fine-graded filter paper had to be used here. In 
this case the filtration of one litre of water sometimes took many 
hours; the same volume of seawater is easily filtered within 
a quarter of an hour. Since very many samples had to 
be analysed rapid filtration was essential and a small 
loss of suspended matter had to be accepted. 

The dry weight of the suspended matter was determined 
as follows.Before use the filter discs were dried at 110-120° C 
and weighed. The hygroscopy of the filter paper neces- 


sitated precautions against a gain in weight, by weighing 
inaclosed glass vial. After filtration the discs were cleared 
of salt with fresh water, dried at 110-120° for more than 
3 hours, and weighed again. The results are reliable up 
to about 1 mg/l. The accuracy of the method was 
checked regularly. 

Before filtration, the suspended matter was mostly 
separated into a heavy and a light fraction. Separation } 
was carried out by means of a method devised by N. Pyt, hes 4- 
analyst at the Zoological Station (fig. 4, table 2). The for eae 
sample to be analysed was transferred from the sample tion of sus- 
bottle into a strong separation funnel of one litre. A pended 
slowly rotating stirrer, performing about one revolution ™atter into 
a second, prevented attachment of suspended matter to # aes ae 
the glass, and kept the light material in suspension. The popenk: 
heavy fraction settled down and was removed from 
the bottom of the funnel together with a small volume of water by 
opening the tap for a moment. The light fraction was removed after- 
wards with the remaining water. 


HYDROGRAPHY OF THE DUTCH WADDEN SEA 413 


. This stirring at the rate of about one revolution a second resulted 
in a division at a grain size of 40-60 microns. This may seem to be a 
somewhat arbitrary size limit, since in soil analyses clay is customarily 
defined as the fraction below 16 microns. Separation of the material 


TABLE 2 


Accuracy of the determination of sand and silt. 
Duplicate samples from the harbour of Den Helder. 


Sand, mg'l Silt, mg/L 


Sample I I difference ys IT diffe rence 

I 6.1 6.5 0.4 41.1 40.3 0.8 

2 5.8 6.1 0.3 39.1 38.2 0.9 

BY: 4.1 4.7 0.6 38.9 40.6 107) 

4. 3.4 4.5 Hiei 23.3 21.8 I.5 

5 2.3 OSE: 0.5 22.3 20.1 2.2 

6 6.6 7.4 0.8 39.0 39.9 0.9 

7 5.8 5.8 0.0 40.2 38.1 Pea 

8 9.7 10.8 Toi! 51.3 51.3 0.0 

9 8.9 9.9 1.0 49.7 51.7 2.0 

10 7.2 7.4 0.2 51.5 50.2 1.3 

Il 7.3 8.8 I.5 39.3 38.5 0.8 
12 5.3 5.7 0.4 35.0 34.8 0.2 
13 3.1 Sei 0.0 20.1 21.8 ite q 
14 3.8 4.1 0.3 22.9 20.0 2.9 
mean: 0.6 1.4 


at this grain size would therefore have given more generally comparable 
results. In the Wadden Sea, however, most clay and other particles 
combine to form floccules larger than 16 microns. Our interest was 
in the first place directed towards problems of transport of suspended 
matter and not to its chemical and mineralogical composition. It was 
therefore necessary to separate the material into two fractions without 
breaking down these floccules. All material behaving like sand grains 
larger than 40-60 microns, hereafter to be called sand, actually proved 
to consist mainly of sand. Below 40-60 microns sand played only a 
secondary réle and most of the material consisted of clay, iron oxide, 
remains of peat and shells, and organic matter. This fraction will be 
called silt. 

When checked under the microscope, the separation actually effect- 
ed in the apparatus proved to be sufficiently complete. Some sand 
grains larger than 40-60 microns were often found in the silt fraction, 
but in negligible quantities. 

The separation of the material into sand and silt had to take place 
within 48 hours after sampling. Further delay was undesirable because 
of the decomposition of organic matter and the tendency of silt par- 
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ticles to become stuck together or adhere to the glass of the bottle. 

b. Chemical composition of the inorganic part. Attention to the chemical 
composition of the material in suspension is in this paper given only 
in so far as organic matter is concerned. The composition of the latter 
is dealt with in chapter IV. A chemical analysis of suspended organic 
matter, however, is only possible if also the composition of the inorganic 
part is quantitatively known, since the inorganic components, for 
example carbon dioxyde, may influence the results. 

Determinations by ScHEELE provide some information in this res- 
pect. They only refer to material collected in the harbour of Den 
Helder. Analyses of suspended matter from other parts of the Wadden 
Sea now in progress provide evidence, however, that these determi- 
nations are roughly representative of the Wadden Sea as a whole. 
SCHEELE’s data, which have been published by VERWEyY (1951), are 
summarized in table 3. 

TABLE 3 
Chemical composition of the inorganic part of suspended matter after ignition 


according to determinations obtained by ScHEELE in the harbour of Den Helder; 
VERWEY, 1952, p. 186. 


Depth SiO, CaO MgO Al,Os Fe.0s Total 
0.5 m above bottom (June 
2, 3, 7, 8 and 9, 1938) 62.98 10.21 0.42 6.80 19.66 100.07 
1 m below surface (June 
QI, 22, 23, 24, 27, 1938) 42.69 6.83 1.41 6.53 38.48 95-94 
1 m above bottom 
(October 21, 1938) 75.6 12.8 trace 2.82 7.65 98.87 
1 m below surface 
(October 21, 1938) 68.8 Ziee 0.2 4.21 PO 3, nO 727.0 


The main components are: silicate (sand and clay), iron oxide, shell 
sand (chiefly CaCOs, some MgCOQOs), and organic matter. Of these 
components clay and iron oxide may interfere with certain determina- 
tions of organic matter by loss of combined water at high temperatures; 
shell sand may lose carbon dioxide. 

c. Suspended organic matter. Two different methods were followed to 
determine the quantity of organic material in suspension. This was 
necessary since both methods have their disadvantages and in this way 
one method could be checked with the other. 

A very simple, but rather inaccurate way to determine the quantity 
of organic matter is by loss of weight on ignition. The inaccuracy is caused 
by simultaneous loss of carbon dioxide and water. Carbon dioxide can 
be determined by quantitative carbonate analyses, or removed by an 
acid before ignition. The first method was preferred, since the acid 
may also react with part of the organic matter. Filtration with 0.05 n 
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hydrochloric acidp roved to give sufficiently accurate results. Checks 
were carried out on some pieces of shell to make sure that ignition 
over a Bunsen burner removes carbon dioxide completely. — Unfortun- 
ately, loss of combined water during ignition cannot be ascertained 
easily, but this loss probably did not influence the results to any consi- 
derable extent (see below). 

The most accurate method for the determination of organic matter 
is by elementary analysis. This procedure moreover provides information 
on the chemical composition of the organic matter, as it gives the 
proportions of some of the principal elements present. Analyses were 
made for carbon, nitrogen and phosphorus. However, the method is 
too elaborate to be used for many hundreds of samples and could 
therefore be applied only to a few of them. Carbon was determined 
according to TER MEULEN and HEsLINGA (1927), nitrogen by a micro- 
Kjeldahl method (catalyst HgO + K,SO,4; RerrH and Wansink, 
1947; Bouman, 1949). The method of phosphorus determination will 
be discussed separately hereafter (part C). 

A number of determinations are collected in table 4. Comparison 
of the vertical columns, indicating respectively organic matter deter- 
mined by loss through ignition and by carbon analyses, shows that 
both methods give about the same results. It may therefore be con- 
cluded, that determination of organic matter by ascertaining the loss 
through ignition, and subtracting the loss of GCO,, produces more or 
less reliable values. 

The data on nitrogen and phosphorus and the relation between CG, 
N and P will be discussed on p. 476. 


C. Phosphorus 


For phosphate determinations the well-known colorimetric method of 
Denicis-ATKins (compare Harvey, 1948) was followed. In some cases 
a modification developed by BucH and Ursin (1948), especially 
suitable for brackish water, was used. According to this method all 
necessary reagents, with the exception of the reducing reagent stan- 
nochloride, are added to 100 ml of the sample. Before addition of the 
latter the phosphorus molybdate complex is transferred into 20 ml 
ethyl acetate by shaking twice in a separator. Reduction of the com- 
pound and development of the blue colour takes place in the acetate 
solution. The method is of special advantage in polluted sea water, 
since most pollutants are insoluble in ethylacetate. An undisturbed 
development of the blue colour is obtained even in fresh or brackish 
water coloured yellow by humic compounds. A second advantage of the 
method is that the phosphate of a 100 ml sample is concentrated to 
20 cc, and the blue colour is more intensive accordingly. Another ad- 
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vantage 1s that a small size colorimeter can be used for the determinat- 
ions, whereas the original method requires exceptionally long colori- 
meter tubes. 

Organic phosphorus was determined on the lines laid down by 
Harvey (1948) by autoclaving the samples for six hours with sulfuric 
acid. HARvey’s original procedure was modified in some respects. 
Samples of 25 ml instead of 67 ml were used. This small volume was 
sufficiently large for an accurate determination since the phosphorus 
concentration of the area investigated appeared to be considerably 
higher than in the English Channel, where Harvey collected his 
samples. ‘The same quantity of sulfuric acid was added as prescribed 
by Harvey (1 ml conc. H,SO,,1:1). The higher concentration of 
sulfuric acid in the sample can only have accelerated the decomposition 
of organic phosphorus to phosphate; it was found that the end point 
of decomposition was attained within three hours. 

The samples were analysed with and without the removal of sus- 
pended matter by filtration. The difference in phosphate content 
between the two analyses gives the phosphorus content of the par- 
ticulate material. The reliability of the method was tested by filtering 
some samples through filters covered with a precipitate of barium- 
sulphate. The suspended matter retained by the precipitate was analys- 
ed separately, and the quantity of phosphate found was compared 
with the difference in phosphorus between the unfiltered sample and 
the filtered one (table 5). Both analyses gave about the same results 
and the methods followed are therefore considered to be reliable. 


TABLE 5 
Accuracy of the determination of total phosphorus. Duplicate analyses (I and II) 


of samples from the Marsdiep; chlorinity + 17.5 °/oo- 


A. Total P, yg-at/l B. Dissolved P,* yig-at/1 A-B? Particulate P,® 


Nr. pg-at|l 
bani I Il Differene I II Difference 1 I I I 
I 163,98) O18) 20:05) 80.70" 10,07 12.912 B20 er16™ a ar 
2 BE 12:08) 0.000.008 “1.02)) O00) (i215) 1:01 / (1-188 726 
3 B47 1296-0,0.53. 0,00, 1608), 0.197. 1.18) 0,88. Toga 5.21 
4 FO7 J.8¢r O04, 1-53) 1.00 0.18, 0.74. 0.89 Vio7es 0.62 
5 E82 1.71 O:1% =~ 1.02 0.85 0.16 0,80 0.85 0.61) 0.75 
6 r.o2 1.70 “0/12 0.93 “0:81 0.12 6.89 ~o.8q 0.84) MO,71 
Fi 1476 870! ©.06 0.83 1.01 0.18 0.93 0:69> ©:95 0-87 
8 T7Ge) 1:62) FO119y sOlOS. . TstZy 10515» 0675: 1039 .0,60m 0176 

2 Peiadiae phicsenate: 2 Particulate P, determined by subtracting B from A. 3 Particulate P, directly 


determined from suspended matter after destruction with conc. H,SO,. 


As will be discussed in chapter IV of this paper, the phosphorus 
content of the particulate material is considered to be a rough measure 
for the quantity of organic matter present, the phosphorus perkentage 
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of organic matter being more or less constant. The possibility cannot be 
excluded, however, that part of the suspended phosphorus is present 
in an inorganic state, for example as iron phosphate. 

Harvey (1937, 1948) determined the dissolved phosphate content of 
a turbid sample of coastal North Sea water before and after removal 
of the particulate matter. He found respectively 0.35 and 0.12 wg-at/] 
of phosphate and suggested that the difference was due to particulate 
inorganic phosphorus dissolved by the acid reagent. 

In the English Channel Cooper (1948) found a relation between 
‘‘abnormal” phosphate values (values 
much higher than those of the other aa! 


samples of the same series) and the , 
presence of particulate iron. On theoret- PHOSPHATE WA 
ical grounds he assumed that iron phos- we 
phate is preferably formed in a slightly z 

acid environment, for example in the 

guts of animals, and brought into the 


. O5} « 
seawater in the form of faeces. agi ee 


In view of these assumptions the Wad- 
den Sea should be a favourable environ- 
ment for the formation of iron phos- in 
phate. Iron hydroxide is found in large eee 15 20days 
quantities in the ‘water ‘as’ welllas in) 18-5) Phesphatcchangc occu 
the bottom and there is adense populat- 778," 4 Water apc 


; eb ett ae the dark; one part has been stored 
1on 0 ottom animals, especially with suspended matter, the other 


molluscs. According to our own deter- without. The unfiltered part con- 
minations a water sample, containing _ tained about 50 mg/l of particu- 
30-40 mg/l Of suspended matter, shows “"“'7 saatemaly tacludins Rabou 
a difference of 0.20—-0.40 wg-at/] if trea- STB esas 

ted with acid before or after filtration. If this quantity were actually 
present in an inorganic state, the inorganic fraction would include a 
considerable part of all particulate phosphorus present. 

In part IV of this paper it will be shown, however, that the organic 
carbon—phosphorus relation of the particulate matter is comparable 
with the relation generally accepted for phytoplankton. Moreover, in 
the same section evidence of a distinct seasonal variation of particulate 
phosphorus, which runs parallel with the cycle of organic matter, will 
be supplied. Both observations do not point to an important réle of 
suspended inorganic phosphorus. It would seem that HARVEy’s sugges- 
tion, that all phosphate released from suspended matter by a short 
treatment with acid is of inorganic origin, is open to question. Perhaps 
part or even most of the phosphate is the product of easily hydrolysed 
organic phosphorus. This point deserves further investigation. 
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Phosphate and phosphorus determinations were as a rule made im- 
mediately after sampling. Therefore, no measures against decomposi- 
tion of organic material were taken. The rate of decomposition in sum- 
mer (temperature 17°C) appears from fig. 5. The samples were kept 
in closed bottles in the dark. It is interesting to note the difference 
between the filtered sample and the unfiltered one. In the first bottle 
the phosphate content rapidly decreased to zero, after which an in- 
crease took place. According to RENN (1937) this phenomenon can be 
explained by assuming intensive absorption of phosphate by bacteria 
during the first few days of storage. After this period the number 
of bacteria decreases and part of the phosphate is regenerated. — In 
the second case it must be assumed that mineralisation of phosphorus 
from suspended organic matter prevented the decrease of the phospate 
concentration. 


D. Chlorophyll 


Part of the suspended matter consists of living or dead phytoplankton 
or other plant material, containing chlorophyll. For the determination 
of the latter a method developed by KRreEy (1939) was used. A ten litre 
sample proved to be more than sufficient for an accurate determina- 
tion, also in winter when the chlorophyll concentration is low. The 
suspended matter collected on a filter disc of normal hardness was 
dried and weighed, and chlorophyll was extracted by means of methyl 
alcohol (15-45 ml). The extraction mostly took place overnight. 

The chlorophyll content of the extract was determined by means of 
a spectrophotometer at a wave length of 6660 A and a spectral width 
of 200 A. For standardization chromatographically pure chlorophyll a 
(Sandoz, Basel) was used. The pure chlorophyll was kindly supplied 
by Dr. J. B. Tuomas of the Biophysical Research Group at Utrecht. 


Il. HYDROGRAPHY; THE EXCHANGE OF WATER BETWEEN 
WADDEN SEA AND NORTH SEA 


The main purpose of this chapter is to arrive at an estimate of the water 
exchange between Wadden Sea and North Sea. The calculations will 
be based on salinity figures and the quantities of fresh water supplied 
by the IJsselmeer. For the study of salinity the papers published by 
Verwey and the author in 1950 could serve as a starting-point. It is 
proposed to follow up a summary of these papers by new observations. 

Although not in open communication with a river the Wadden Sea 
can be considered an estuary. Therefore, the general principles of 
water movement in estuaries will be discussed first. Next, these prin- 
ciples will be applied to the Wadden Sea itself. The knowledge of water 
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movement obtained in this way will be used to study the transport of 
IJsselmeer water through the area under consideration to the North 
Sea. It will be shown how the rate of water exchange can be computed 
from this transport. The system of calculation followed is generally 
applicable to well mixed estuaries. 


I. DISTRIBUTION OF SALINITY AND TEMPERATURE 


In the Wadden Sea tidal currents continuously transport large volumes 
of water. This transport in itselfis enough to cause considerable changes 
in the distribution of salinity or other variables from moment to mo- 


6-5-1949 


ae HELDER DEN OEVER 
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Fig. 6. Salinity and temperature along the section indicated in fig. UOIR JaNe lower 
vations in spring; B: observations in fall. 
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ment. Water temperatures, moreover, vary as a result of warming and 
cooling, and salinity varies in consequence of variations in the supply 
of fresh water. 

Changes in air temperature are followed by the water more closely 
in shallow than in deep areas. 
Therefore, in periods of rising 
temperature (Febr.—August) the 
water temperature increases in 
proportion as one moves from 
the tidal inlet to the coast (fig. 
6 A), whereas the reverse is the 
case during the time of falling 
temperature (fig. 6 B). 

The discharge of fresh water 
through the IJsselmeer sluices 
causes a considerable decrease 
in salinity from the North Sea 
inwards (fig. 6 A and B). The 
salinity gradient varies along 
with the quantity of fresh water 
discharged and is greatest in 
winter during periods of abun- 
dant supply. In summer there 

Fig. 7. T-S-relation of the observations are frequent periods in which 

EN no differences in salinity occur. 

If simultaneous observations in one particular Wadden Sea channel 
are considered, a close correlation between temperature and salinity 
becomes apparent (fig. 7). In summer the water temperature increases 
along with a decrease in salinity; the reverse happens in winter. The 
relation holds for both bottom and surface samples (fig. 8), but is 
different for different channels (Postma and VERWEyY, 1950). This 
means that mixing within one channel area is intensive, but that the 
water masses of adjoining channels are as a rule well separated from 
one another by the intervening flats. 

If we compare the readings obtained at any particular point, we 
find that the tidal movements cause periodical changes in temperature 
and salinity. The geographical distribution of these variables can there- 
fore only be found by simultaneous observations, for example at high 
tide, in many places. Fig. 9 shows the distribution of salinity at high 
water in the first few days of August, 1948. The isohalines for different 
dates may show large variations and the same applies to the isotherms 
of different dates, but the general pattern is always more or less the 
same (PosTMA, 1950). 
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The changes in temperature and salinity distribution in the course 
of the tide are rather complicated and difficult to describe in detail. 
A short and schematic description of some of the principles probably 


« surface 
x bottom 


Fig. 8. T-S-relation of the observations of fig. 11. 


involved may suffice here, since the subject is discussed more extensively 
in the papers mentioned before. 
To simplify matters we may represent the Wadden Sea as consisting 
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Fig. 9. Chlorinity distribution at high tide in the early part of August 1948; fresh 
water had been discharged at Den Oever and Roptazijl (marked by an arrow) 
but not at Kornwerderzand. 
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of one tidal inlet and one channel with shallows on both sides. The 
shallows are taken to emerge at low tide (fig. 10 a). The flood tide is 
supposed to enter the area from the North Sea and the rising water 
to spread over the flats. A few isohalines chosen at random will serve 
to illustrate the point. 

Observations such as those given in fig. 9 show that the isohalines 
move farther inward along the channel than on the flats (fig. 10 b). 
To explain this it must be realized that the influence of bottom fric- 
tion on water movement is relatively more considerable in shallow 
ZN AQ water than it is in deep. Hence currents 
Ue have smaller velocities on the shallows 

S AC than in the channel, 

Further, in shallow water the reversal of 
the slope of the area surface at high tide is 
immediately followed by a reversal of the 
current, whereas in deeper water there is 
a considerable time lag between the two 
phases (compare figs. 23, 24 and 25). Asa 
result the ebb tide starts earlier on the flats 
than in the channel. This must also be 
explained from the fact that bottom fric- 
tion is more considerable on the flats than 

SSN : : 

j- ee in the creeks; at the turn of the tide the 
2s = d HW energy of the flood current is used up more 
Ke rapidly in shallow than in deep water. 
Fig. 10. Scheme of the changes As a result of this phenomenon the water 
of isohalines during a tidal in the channel is still running inward when 
pevod. the water on the shallows is already ebbing. 
This causes a marked transformation in the pattern of isohalines. The 
strongest deflection is generally observed along the edge of tidal flats, 
where the bottom slope is steepest (fig. 10 c). Here a salinity gradient, 
which forms a sharp dividing line between the water masses on either 
side, is generated. Salinity — hence mostly density — is greatest on the 
channel side of this gradient, because the channel water comes from 
farther seaward than the water on the shallows. 

During the later phases of the ebb the water running back from the 
shallows pushes the boundary between the two water masses in the 
direction of the channel axis (fig. 10 d). Perhaps this movement is sup- 
ported by differences in density, the lighter water moving over the 
heavier subsurface water. 

After the current in the channel has also turned, the boundary 
is shifted seaward and disintegrates gradually. It can be observed, 
however, as a streak (STOMMEL, 1951) during a large part of the 
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ebb tide. Flotsam and foam, unable to cross the boundary, are accu- 
mulated in these streaks or tide-rips, often forming clearly visible 
lines. 

The disintegration of the streaks is caused by the strong ebb current. 
At the end of the ebb-tide mixing is often complete. If during the ebb- 
tide the water is not completely drained off from the tidal flats, new 
streaks may develop at low tide. After low tide they move, however, 
away from the channel and are therefore not observed so easily. 
Measurements have shown that the more saline water in this case 
occurs on the shallow side of the boundary. 

If for a moment we consider the water on the shallows (at high 
tide) and the water in the channel to represent two separate bodies 
of water which do not mix, it is of importance to note that the phenom- 
enon described must cause a mutual shifting of these two water masses. 
The water carried from the channel on to the flats by the flood tide 
appears, after its return, to have been displaced seaward in respect of 
the water that remained behind in the channel. In a deep channel as 
the Texelstroom this displacement may even amount to some 3 kilo- 
metres. 

The seaward movement of the water returning from the shallows 
after high tide is more or less neutralized, however, after low tide, 
since then this water, after leaving the channel, becomes more or less 
stagnant, whereas the ebb current in the channel continues. This causes 
again a mutual shifting of the two water masses, but now in a reversed 
sense: the channel water is displaced seaward with respect to the water 
of the flats. 

The ultimate effect as regards water movement is therefore practi- 
cally nil. The process has, however, an important bearing on water 
exchange, since actually the water returning from the flats is mixed 
thoroughly with the channel water. Water masses, originally separated 
by distances of several hundreds of metres or even some kilometres, are 
thus mixed thoroughly. The horizontal exchange of water is strongly 
promoted in this way. 

It also fits in with the above explanation that differences in salinity 
between bottom and surface are mostly greater during the ebb-tide 
than during the flood. The water returning from the nearby shallows 
has a lower salinity than the channel water, which originates from 
farther seaward. As a result, the vertical salinity gradient will therefore 
increase after high tide (fig. 11). 

This increase, however, might also be explained as follows. The 
flood runs with the horizontal salinity gradient, the ebb against it, 
while in both cases the current velocity decreases from bottom to sur- 
face. Therefore, during the flood the surface water comes on top of 
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bottom water of lower salinity than was originally the case, causing a 
decrease in stratification, whereas during ebb the upper water layer 
comes on bottom water of greater salinity, so that stratification in- 
creases. 

In the case of fig. 11 it can be shown, however, that the latter effect 
cannot play an important réle in causing stratification during the ebb- 
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Fig. 11. Observations of vertical and horizontal tide and of salinity at station 3 
of fig. 13 (30 March 1950). 


tide. Two hours after the beginning of the flooding tide the salinity 
rises above 15°/o) Cl (14.20 h.). From this moment onwards, until 
slack high water, the 15°/99) isohaline was carried inward along the 
channel axis over a distance of about 7.4 km+. Nevertheless, the surface 
salinity drops below this value nearly immediately after the beginning 
of the ebb movement. During this short period the surface water was 
carried back along the channel axis over a distance of only 0.8 km. 
One can therefore be sure that this decrease in salinity, and conse- 
quently also the ebb stratification, cannot have been caused by water 
running back through the channel, but only by the supply of less 
saline water from the nearby flats. 


1 The distances of 7.4 and 0.8 km have been calculated by means of the current 

velocity curve on the assumption that this curve is the same over the whole of the 

distance; actually, current velocity will decrease toward the Wadden Sea interior, 
so that the distances calculated will be somewhat too high. 
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2, THE INFLUENCE ON WATER MOVEMENT OF DIFFERENCES 
IN DENSITY 


Hydrographically the Wadden Sea, being a transition area from river 
conditions to the conditions of the open sea, may be defined as an 
estuary. The water movement within estuaries has been studied among 
others by ALEXANDER, SOUTHGATE and BassINDALE (1935) in the inlet 
of the river Tees (England), by Tutty (1949) in the Alberni inlet (Ca- 
nada), by Kercuum (1951) and SromMer (1951) in the New York 
Bight and other areas, by PrircHARD (1952) in Chesapeake Bay, and 
by Rocurorp (1951) in several estuaries of the Australian coast. Water 
movements in estuaries are to a considerable degree influenced by the 
density differences caused by the supply of fresh water. The relatively 
light river water remains in the upper water layer. On its way seaward 
it becomes progressively mixed with the underlying seawater and the 
difference in salinity between surface and lower layers, which is at 
first considerable, decreases. The 
decrease in stratification depends wT SLUICE 
on the intensity of mixing, which ree ae ee ; pe. 
in its turn mostly depends on tidal ) (xe) wae 
movement. Sometimes wind plays 
an important role. ee 

Salinity always increases sea- SAT 
ward in the upper as well as ve. the Fig. 12. Scheme of water circulation 
lower water layers. The quantity of in a well stratified estuary. 
fresh water transported to the seain 
unit time must on an average be the same as through every transverse 
section of the estuary, and also equal to the quantity flowing from the 
river in unit time. The total quantity of water moving seaward in the 
upper water layer must increase, since the admixed sea water must be 
taken along. The seaward movement of salt water in the upper layer is 
compensated by transport of salt water within the lower layers in an 
opposite direction (fig. 12). The transport of fresh water to the sea in 
the upper layer therefore causes a seawater circulation from the open 
sea into the area along the bottom and from the area back to the 
open sea along the surface. The energy for the transport of the river 
water itself is provided by the field of density. Energy is also required 
for the seawater circulation, described above, since bottom water of 
high density must be transferred to the surface layer of lower density. 
This energy is provided by the forces bringing about vertical mixing, 
viz. the tides, sometimes the wind. 
It will be clear that in the system described, transport of fresh water 
quickens the rate of water exchange between estuary and sea and 


ee 
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renewal of the subsurface layers. Nevertheless, part of the bottom water 
can be stagnant, especially if there is a bottom elevation in the inlet 
as is often the case. 

In order to study the question of the transport of fresh water through 
the Wadden Sea, a representative section was chosen, running from 
one of the IJsselmeer sluices through a tidal channel to the North 
Sea. Here, salinity measurements were carried out regularly, especially 
around high tide (fig. 13). The marked variations in salinity called 
for a long series of observations. These were continued at intervals 
of about one month for three years (1949, 1950 and 1951). From these 
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Fig. 13. Main section of investigation; location of the stations, where measurements 
were carried out monthly during 1949, 1950 and 1951. 


data the average curve of salinity given in fig. 14 A was derived. In 
order to obtain the average horizontal distribution of salinity of the 
area investigated, this curve has been combined with data from salinity 
surveys such as the one of fig. 9 (fig. 14 B). The distribution of fig. 14 B 
applies to cases when fresh water is only discharged at Den Oever. The 
original data used for the construction of figs. 14 A and B are not given. 
here in detail, but are on file at the Zoological Station. 


Usually large quantities of water are also discharged at Kornwerderzand (table 1). 
Probably about one half of the supply from this sluice (3.3 X 108 m3/ tide) moves 
seaward through the area investigated, the other half leaving the area through the 
Vlie area (Posrma, 1950). Therefore, about 25% of all fresh water present in the 
area studied originates from Kornwerderzand and 25 % from Den Oever. However, 
along the section from Den Helder to Den Oever the influence of Kornwerderzand 
will be much smaller, probably less than 5%. Another interfering factor is the 
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Fig. 14. A: average distribution of salinity along the section of fig. 13. B: average 
discharged at Den Oever 


horizontal distribution of salinity of the area investigated, when fresh water is only 
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supply of fresh water at Den Helder (table 1) and south of this town. All things 
considered, about 10% of the fresh water along the section studied may not have 
originated from Den Oever. As the calculations to be carried out are comparatively 
rough, this percentage will be left out of account. 


In comparison with horizontal differences, the vertical differences in 
salinity are generally low (about 0.5 °/o9 Cl). A more pronounced 
stratification only exists near the [Jsselmeer sluice. If we leave this 
area out of account for a moment, we find that transport of fresh water 
can only take place through the seaward movement of enormous quan- 
tities of water at the surface and the opposite movement of similar 
quantities along the bottom. This may be elucidated by the following 
calculation. 

The average chlorinity of the western part of the section Den Hel- 
der—Den Oever amounts for the bottom layer to about 16.5, and for 
the surface layer to 16 °/99; the chlorinity of the North Sea water 
entering the Wadden sea amounts to 17 °/o) Cl. From these figures it 
can be calculated (in the way to be described on p. 432) that every m3 
of the surface layer contains only 
1/17 m® of fresh water and the 
bottom layer only 1/34 m?. For 
the transport of 1 m?® of fresh 
IJsselmeer water it would there- 
fore be necessary to move about 
34 m?® of surface water seaward 
and about the same amount of 
bottom water in the opposite 
x direction. Actually, an average 
Fig. 15. Vertical distribution of current ve- of ro <x 10% m® of fresh water 
locity during ebb and flood. For explanation j, discharged at Den Oever dur- 

Peau ing every low tide (table 1). 
This transport would therefore involve an estuarine circulation of 
0.34. X 109 m3 of Wadden Sea water of 16-16.5 °/9 Cl. 

If, however, such an estuarine circulation were to go on in addition 
to the ordinary movement of water caused by the tides, this would, as is 
diagrammatically shown in fig. 15, lead to great differences between 
the strength of ebb and flood currents at the bottom and at the surface. 
The full-drawn curves in fig. 15 (after VAN VEEN, 1937) schematically 
represent the average vertical distribution of current velocity in the 
absence of salinity (density) differences (with ebb and flood curves about 
symmetrical), while the dotted lines show the approximate deflections 
that would be caused by the estuarine circulation (with ebb and flood 
curves quite asymmetrical). The estuarine circulation would increase 
the ebb current at the surface and the flood current near the bottom, 
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whereas the flood current at the surface and the ebb current near the 
bottom would show a decrease. In our case the velocity of the surface 
currents would be about three times greater during the ebb-tide than 
during the flood. 

Such a difference between the velocities of ebb and flood currents, 
though far greater than the possible error of observation, has never 
actually been measured. All measurements, on the contrary, indicate 
that ebb and flood currents are of about the same strength, for which 
fig. 11 may serve as an example. The average flood current at the 
surface in this instance amounts to about 60 cm/sec., the average ebb 
current to 70. Although the former is indeed somewhat smaller than the 
latter, the difference between the two is small, and other measurements, 
particulars of which need not be given here, show the same results or 
even a smaller difference. This means that this combination of estuarine 
and tidal circulation fails to give an adequate explanation of the 
transport of fresh water seaward. It must be assumed that the strong 
tidal circulation causes such an intense mixing that the fresh water is 
divided more or less equally over both surface and bottom water, so 
that no estuarine circulation is developed. It will at best play a réle in 
the vicinity of the [Jsselmeer sluices, where fresh stratification of water 
masses goes on all the time. 

Generally speaking, the fresh water is therefore not transported as 
a surface layer, but as part of a mixture which is of about the same 
composition near surface and bottom. Exchange of water between 
Wadden Sea and North Sea will take place at about the same rate for 
both fresh and salt water. Since differences in density may be assumed 
not to play an important réle in water movement, the only remaining 
forces that can bring about an exchange are tidal movement and wind, 
which cause horizontal and vertical mixing of water masses. The 
mutual shifting of water masses of channels and tidal flats, described 
on p. 424, may have a special bearing in this respect. 


The fact that the influence of fresh water on water movement in the Wadden Sea 
is of secondary importance becomes especially clear, if we compare tidal forces 
with the forces caused by the field of density. 

The force exerted by the tide is proportional to the slope of the water surface. 
The degree and direction of the slope change in the course of the tide. On an average 
however, the slope along the special section studied (compare fig. 13), derived 
from tidal gauge observations at Den Helder and Den Oever, is about 3 cm per km 
(measured along the tidal channel), directed inward during the flood and seaward 
during the ebb. The field of density can be derived from the distribution of salinity 
and temperature. The average horizontal distribution of salinity at high tide, 
already given in fig. 14, has been combined with details of the vertical distribution 
obtained from observations like those of fig. 11. The temperature is considered to 
be the same all over the section and equal to the yearly average of 11°C. In that 
case the lines of equal density coincide with the isohalines (fig. 16). 
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From the field of density the slope of isobaric surfaces can be determined, if the 
position of zero level can be indicated. This position is approximately estimated 
on the following grounds. Above level surface isobaric surfaces slope in the direction 
of the sea and forces are exerted in that direction. Below zero level the reverse is the 
case and forces are exerted in the direction of the land. The sum of all horizontal forces 
must be about equal, since the ultimate horizontal transport of water is practically 
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nil. The small quantity of fresh water discharged is of no importance in this respect. 
As bottom friction also exerts a horizontal force, it is difficult to estimate the exact 
position of level surface, but it must be situated somewhere between the bottom 
and the water surface. Assuming its position to be about 3 meters below the water 
surface (compare fig. 16) it can easily be computed from the field of density that 
the relative slope of the upper isobaric surface, which coincides with the water 
surface, must be about 0.2 cm per km, near the sluice about 0.5 cm/km. The slope 
of all other isobaric surfaces is smaller. 

The forces exerted by the field of density are proportional to the slope of the 
isobaric surfaces. The number of 0.2 cm/km may therefore be compared with the 
3 cm/km calculated for the slope caused by the tide. The conclusion can be drawn 
that the influence of the field of density on water movement must be smaller than 
the influence of the tide. 
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It may be concluded from the preceding discussion that in the Wadden 
Sea vertical mixing prevents the development of marked stratification. 
This means that the velocity of transport of fresh water through the 
estuary to the sea mainly depends on the rate of water exchange be- 
tween Wadden Sea and North Sea. Conversely, it must be possible to 
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calculate the water exchange from the rate of transport of fresh water. 
The calculation of the latter will be based on the following line of 
thought. 

From water volumes and salinity one should be able to estimate the 
total amount of fresh water present in the part of the Wadden Sea 
through which the fresh water from the IJsselmeer is transported to 
the North Sea. The relation between this amount and the quantity 
discharged per tide would then be known. If the former amount were 
three times as large as the latter, this would mean that in the course 
of every tide one third of the fresh water present in the Wadden Sea 
would be carried to the North Sea. One could also say that the fresh 
water requires three tides for passing through the Wadden Sea; this 
period has been termed flushing time by KetcHum (1951). 

The main difficulty is to estimate the amount of fresh water present. 

The calculation will be restricted to water originating from Den Oever 
and therefore be based on figs. 14 A and B. 
The volume of fresh water, V;, present within a certain volume V of 
estuarine water, can be com- 
puted from the salinity, S,, of 
the volume in question and the 16 
salinity, S, of the sea water out- 
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side the estuarine region, ac- 4 “hermity . 
cording to this formula: Fy 
S-S 
V;= aaa SCRE ee 13 
The amount of fresh water pre- ae : 
sent within the Wadden Sea can Oiet 
therefore be calculated, if the nS 


chlorinity of the incoming Be Fresh water 
North Sea water, and the sali- 
nity and water volume of the 
area concerned are known. The 
average chlorinity of 17°/p9, 
measured in the (tidal) inlet, Fig. 17. Increase of salinity (A) and fall of 
will be held to be the chlorinity the concentration of fresh water (B, com- 
Of thewcen ete entering the Mee pee ee volumetric dis- 
Widdenisenara: average sae n Uever; lor explanation see text. 
nity distribution of the area is given in fig. 17 A, which is based on the 
following method. 

The diagram represents the average chlorinity along the vertical 
(average for three years; see table 23) for the section Den Helder- 
Den Oever, obtained from figures 14 and 16. Besides the average chlorin- 
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ities, however, we should also know the corresponding water volumes. 
The horizontal axis of fig. 17 therefore does not represent the geo- 
graphical distances between the stations of observation, as is the case 
in the above figures, but gives their volumetric distances. The latter 
have been obtained as follows. 

Viewed from the sluice of Den Oever every isohaline of fig. 14 B 
compasses at high tide a certain volume of water, which volume in- 
creases with each isohaline. The enclosed volumes can be determined 
by means of the bottom topography of the area, which is known from 
observations by the Dutch Hydrographic Office. It is convenient to use 
these volumetric instead of the geographical distances, since thus the 
influence of the geographical character of the estuary is to some extent 
eliminated. 

The distribution of fresh water within the area can now be estimated 
from the salinity distribution of fig. 17A according to formula (1); 
the result is given in fig. 17 B. As stated, the horizontal axis of this 
diagram gives the volumetric distance to the sluice, which has been 
expressed in m3. The vertical axis of fig. 17 B gives the fresh water 
content, expressed in m® per m3 of seawater. Hence, every square of 
the diagram represents a certain volume of fresh water. The area en- 
closed by the fresh water line and the two axes represents the average 
total quantity of fresh water, which is 132 « 108m, 

Since the average quantity of fresh water discharged during one 
tide amounts to 10.3 10° m? (table 1), the total quantity present in 
the estuary is 12.8 times this figure. Because the average fresh water 
content of the Wadden Sea remains the same, the quantity flowing out 
into the North Sea is also 10.3 * 106 m3 per tide or 8% of the total 
quantity of fresh water present in the Wadden Sea. 

It is self-evident that every dissolved substance that has the same 
geographical distribution and gradient as the fresh water will be car- 
ried along at the same rate as the latter. This will mostly be the case 
with dissolved substances distributed homogeneously in the IJsselmeer 
water itself, but it may accidentally also hold for substances not 
originating from this source. Examples of this kind will be given in the 
following chapters. The rate of transport of such a compound can 
easily be determined by estimating the total quantity of the material 
present in the Wadden Sea and taking 8% of this figure. If a small 
percentage of the substance is also present in the North Sea, its con- 
centration in the latter must first be subtracted from the values found 
in the Wadden Sea. It goes without saying that there is no point in 
such estimations, if the rate of transport can be determined directly 
from the quantity of the compound supplied to the area in unit time. 

An improvement on the above procedure can be obtained, if we 
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regard the transport of fresh water to the North Sea as being caused 
by a process similar to diffusion. The “‘coefficient of diffusion” C at a 
particular place will then be defined by 
d Vs 
R=C— de ni tek (2), 

where R indicates the quantity of fresh water transported per unit of 
time, V; the concentration of fresh water, and x the volumetric 
distance from the place in question to the IJsselmeer sluices. The term 
He is represented by the degree of slope of the fresh water curve of 
fig. 17 B. Its value decreases according as the distance from the sluice 
increases. R, which represents the quantity of fresh water discharged 
in unit time, e.g. the tidal period, has the same value along the whole 
line. Therefore, the coefficient of diffusion increases according as the 
distance from the sluice increases, whereas in an ordinary process of 
diffusion this coefficient is considered to be constant. 

After C has been determined, the equation (2) could be used to 
calculate the rate of transport of a foreign substance which has the 
same geographical distribution as the fresh water (isographs of the 
substance running parallel to the isohalines), but which has a different 
gradient. This might for example be the case with an unstable com- 
pound discharged with the fresh water from the IJsselmeer, and dis- 
integrating gradually during its transport through the Wadden Sea. In 
the equation (2), V; should then be replaced by the concentration of 
the substance actually observed. C being known, the rate of transport, 
represented by R, could be estimated and would in our example turn 
out to decrease according as the distance from the sluice increases. 

The problem would become more complicated if the substance con- 
sidered were to show a geographical distribution different from the 
distribution of the fresh water. This will in general be the case with 
substances not discharged into the Wadden Sea with the fresh water 
itself, but brought into the area at another point. If no direct measure- 
ment of the discharged quantities were possible, the order of magnitude 
of the transport could nevertheless be roughly estimated from the 
distribution of the substance in the Wadden Sea, if we take the coeffi- 
cients of diffusion to be about the same as those calculated from the 
fresh water distribution. 


4. SEGMENTATION AS AN EMPIRICAL APPROACH 
TO THE PROBLEM OF WATER EXCHANGE 


The conclusions arrivea at in the previous section would become more 
valuable if it were possible to develop a method which would allow 
us to confirm the results obtained along another way. 
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An attempt will therefore be made to estimate the relation between 
the distribution of salinity observed at a certain moment, and the 
quantities of IJsselmeer water discharged in a particular period preced- 
ing that moment. This relation can only be estimated if the fate of 
every single volume discharged is known. The total volume of fresh 
water present in the Wadden Sea at a certain moment is the sum of 
fractions of all volumes discharged within a certain period preceding 
the moment in question, the fractions being smaller as the discharge 
from which they originate is farther back in time. At first, the whole 
of a volume will contribute to the fall in salinity; after a few tides, 
however, its influence will gradually decrease, since part of it has gone 
to the North Sea; after a number of tides it will practically have 
disappeared into the latter. 

An empirical segmentation method to determine the transport of a 
particular volume of fresh wa- 
ter was first developed by 
KetTcHUM (1951). Here, his 
concept has undergone an im- 
portant modification, howev- 
er. It starts from the idea that 
the IJsselmeer water onits way 
through the Wadden Sea can 
be followed from tide to tide. 
Fig. 18. Division of the Marsdiep area into [t js assumed that the quantity 

segments; for explanation see text. of fresh water discharged in 
the course of one tide will within the next tidal period reach the part 
of the Wadden Sea immediately adjoining the sluice, which will here 
be called the first segment. During the next tide the water of the 
first segment — which by then is supposed to have completely mixed 
with the fresh water —is assumed to mix completely with that ofa sec- 
ond, and during the third tide the contents of the second are supposed 
to mix completely with those of a third segment, and so on. 

The volumes of the segments may conceivably be determined in the 
following way. We have seen that the distribution of fresh water 
within the area studied can be represented by the diagram of fig. 17 B. 
The area enclosed between the lower horizontal axis, the vertical and 
the fresh water curve itself represents the total volume of fresh water 
present. The amount of fresh water displaced from segment I to seg- 
ment II by complete mixing of the two segments is represented by 
triangle 1 (fig. 18). The volume of segment I is chosen in such a way 
that triangle 1 is just able to take up the amount of fresh water dis- 
eharged sper tide (10,3. <.10% m*, see table 1). The volume of the 
first segment can be read off from the horizontal axis, while the total 
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amount of fresh water within this segment is represented by the triangle 
plus the rectangle below it. 

The dimensions of the second and following segments are deter- 
mined in the same way as the size of the first, all triangles being as 
large as nr. 1. If during the second tide segments II and III become 
completely mixed, this will cause a displacement of an amount of fresh 
water of the size of triangle 2 from the inner to the outer segment. If 
this process is applied to every pair of segments the result will be a 
shifting of all triangles over the distance of one segment. As all triangles 
have the same area, the amount of fresh water in every segment will 
remain unchanged, the first segment receiving fresh water from the 
IJsselmeer, the last segment supplying fresh water to the North Sea. 

The dimensions of the segments depend on the slope of the fresh 
water line: the steeper this slope, the smaller the range of the segment. 
The segments grow larger in the direction of the North Sea; this is 
comprehensible since current velocity increases in the same direction 
and therefore also intensity of mixing and water exchange. The area 
studied is found to contain four complete segments and part of a fifth. 
If segment V has about the same range as segment IV, about three 
quarters of the former fall within the circumference of the Wadden 
Sea. 

The above representation of discontinuous water exchange from seg- 
ment to segment is only intended to be a useful means for calculations; 
it is self-evident that it does not represent the actual process of ex- 
change. The very supposition that mixing will be complete over a 
certain distance within a certain time, in our case one tide, cannot, of 
course, be true. On the other hand, water exchange is not a continuous 
process comparable with diffusion, as supposed earlier, but it is con- 
nected with the tidal cycle. One particular volume of fresh water can 
often be followed for a few tides, becoming progressively mixed with 
the seawater, but still clearly distinct from the environment. This 
characteristic is brought out better by the segmentation method. Dur- 
ing the first high tide after its discharge the volume of fresh water will 
find itself within the limits of the first segment, in the next tidal period 
its boundaries will have reached the end of the next one, etc. 


As stated, the concept of segmentation set forth above has been derived from an 
empirical method to investigate water exchange in estuaries, developed by KretcHum 
(1950, 1951). His method of segmentation is, however, quite different from the one 
followed above. The limits of his segments are defined by the distance over which 
a particle of water moves on the flooding tide. The percentage of water, placed 
within a segment during one tide, is determined by the ratio in which the intertidal 
volume stands to the high tide volume, the intertidal volume being the volume differ- 
ence of the segment between high tide and low tide. A great advantage of the method 
is therefore that calculations of the rate of exchange are only based on easily available 
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data as volume of river flow, geographical shape of the estuary and the range of 
the tide. Computations carried out by Kercuum on a number of different estuaries 
showed that the calculated distribution of salinity agrees with the distribution 
actually observed. 

Although Kercxum did not express himself in this way, his method essentially 
implies that after low tide pure sea water enters the estuary with the flood, covering 
the area with a layer of undiluted sea water, which in the first instance does not 
mix with the estuarine water. The thickness of this layer, which is assumed to 
penetrate as far as the head of the estuary, would be equal to the tidal amplitude. 
At high tide complete mixing with the estuarine water would take place. Next, 
the mixture is supposed to be transported seaward by the ebb movement. 

According to this method every segment is supposed to be in direct contact with 
the open sea. Our own method supposes that every segment exchanges water only 


with its neighbours. For this reason, mutual comparison of the two procedures is 
difficult. 


The segmentation of the Wadden Sea, as determined above, will be 
used to estimate the transport of a particular volume of fresh water 
TABLE 6 


The movement through the Marsdiep area of a separate volume of fresh water 
sluiced at Den Oever; for explanation see text. 
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discharged at Den Oever. During the first high tide after the discharge 
this volume is supposed to be divided evenly over the first segment. 
The distribution of the volume at the following tides is determined 
on the supposition that mixing of neighbouring segments is completed 
in one tidal cycle. The distribution calculated for successive tides after 
the discharge is given in table 6, where the initial volume is put at 100. 
As can be seen in fig. 18 the Wadden Sea appears to contain between 
four and five segments and calculations are therefore given for both 
cases. 


During the first tide the volume of 100 is supposed to be introduced into segment I. 
During the second tide complete mixing of the segments I and II will distribute 
this volume homogeneously over these segments. As segment II has a larger volume 
than I (3.2 against 1.6 x 108 m?), the former will then contain most of the fresh 
water (67 against 33). During the third tide mixing of the segments I and II causes 
no redistribution of the fresh water over these segments, since they have been mixed 
completely already during the preceding tide. Mixing of II and III, however, will 
introduce fresh water into III at the expense of II. During the fourth tide mixing 
of II and III will have no effect, but mixing of I and II will carry fresh water from 
I to II until the ratio 1.6:3.2 has again been attained. During this tide mixing of 
III and IV will cause transport of fresh water to segment IV, etc. 

Segment V is incomplete and it has therefore been assumed that its volume is 
equal to that of segment IV. Exchange between the last segment and the North 
Sea has been supposed to deprive this segment of all fresh water supplied to it 
during the preceding tidal cycle. 


During the first four to five tides there is no loss of fresh water to the 
North Sea; after that period the fresh water gradually disappears. The 
decline is more rapid with four than with five segments, see also fig. 19, 
curves A and B. However, neither curve A, nor curve B indicates the 
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Fig. 19. The percentage present in the Wadden Sea of one particular discharge 
of fresh water after a number of tides. 
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actual decrease. The position of the intermediate curve C, which is 
more exact, has been approximately determined by assuming that the 
ratio of the difference in volume between the values indicated by A 
and C to that between the values of A and B is equal to the ratio of 
the volume of the incomplete segment V present in fig. 18 to the volume 
of the complete segment V. 

Curve C allows us to estimate how much has remained of a particular 
volume of fresh water a certain number of tides after the discharge. 
After 23 tides about 10% of the original volume is left. If the same 
amount of fresh water was discharged at every tide, the quantity of 
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Fig. 20. Example of the discharge of fresh water at Den Oever. 


fresh water remaining from tide 23 and earlier tides would amount to 
about 5% of all fresh water present. For the determination (from 
discharge data) of the total amount of fresh water present in the Wad- 
den Sea at a given time, it is mostly considered sufficient to take into 
account 22 tides previous to that moment. 

We shall for a moment assume that at every low tide the same 
amount of fresh water is discharged at Den Oever. In that case, and 
provided a steady state has been attained, the area below the curve C 
of fig. 19 represents the total quantity of fresh water present in the 
Wadden Sea. This area is found to be equal to about 13 discharge 
units. On p. 433 this quantity has been estimated to amount to 12.8 
units. The agreement between the two estimates supports the empirical 
segmentation method followed. 

After having estimated the rate of transport of one particular volume 
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of fresh water, we may in conclusion return to our starting-point, which 
was: how to determine the relation between the distribution of salinity 
observed at a certain moment and the quantities of fresh water dis- 
charged in a particular period preceding that moment. 

As has been said before, the salinity figures have been found by 
monthly observations around high tide from Den Helder to Den Oever 
(table 23); the volumes of [Jsselmeer water discharged at Den Oever 
are known from measurements by the ‘‘Dienst van de Zuiderzeewer- 
ken’’. Fig. 20 gives an example of this discharge for the month of No- 
vember, 1949. 

For every monthly set of salinity observations a diagram similar to 
that of fig. 17 A, representing the rise of salinity along with increasing 
volumetric distance to Den Oever, has been drawn and the corre- 
sponding volume of fresh water has been derived from it in the way 
described for the average distribution on p. 433. The values found are 
given in column 3 of table 7. 

The amount of fresh water present within the Wadden Sea as the 
remainder of the water discharged during the 22 previous tides is given 
in column 4 of this table. 


TABLE 7 


Comparison of the accumulation of fresh water determined from the salinity surveys 
with the accumulation calculated from discharge data; Marsdiep area. 


Calculated Calculated Calculated Caladaea 
Nr. Date from from Nr. Date from from 

salinity discharge salinity discharge 

SoLO° mae er Onna x 108m? x 10% m3 
= 13-97-48 237 257 LOI RLOBED OO 354 332 
I 26- 1-49 349 219 20 3- 6-50 PIG] 147 
2  16- 2-49 95 133 QI 3- 7-50 HO I3I 
3 24- 2-49 77 6 22 I- 8-50 234 74 
4 6- 5-49 94 16 23 31- 8-50 98 163 
5 14- 7-49 o fo) 24 19- 9-50 20 96 
6 27- 7-49 fe) (o) 25 19-10-50 190 181 
7 13- 9-49 fo) (e) 26 = 15-11-50 48 158 
8 20-10-49 Co) o 27 18-12-50 293 351 
Q 22-10-49 62 76 28 -10- I-51 113 168 
IO 25-10-49 45 150 29 -13- 2-51 133 224 
II I-1 1-49 359 245 30 28- 2-51 Q21 231 
12 g-1 1-49 82 33 31 135 3751 213 173 
13 12-12-49 180 2TO lee I7- 4-51 51 236 
14 g- I-50 237 200 33 5- 6-51 118 42 
15 7- 1-50 135 69 By | 30g Gas: 28 200 
16 22- 2-50 205 268 35 2g- 8-51 170 198 
I7 = 13> 4-50 oO e) 36 Or LTs5x 345 272 

18  24- 4-50 . 54 6 
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The relation between the total quantities of fresh water determined 
from salinity and discharge figures is given in the diagram of fig. 21. 
The swarm of points is represented by the dotted line, which is drawn 
in such a way that the sum of squares of the perpendiculars from the 
points to this line is the smallest possible; the coefficient of correlation, 
being 0.722, indicates a significant correlation between the two sets of 
data. The deviation of the line from the ideal relation, represented by 
the line of equality, is only small. 

It must be pointed out here that the two sets of data, correlated 
above, have not been obtained independently of each other. The posi- 
tions along the horizontal 


ioe axis have been found from 
> ae : 
= the discharge data by means 
> of segments. The latter, 
3007 4 5 5 
5 however, have in their turn 
Cc 5 
& been determined from aver- 
g age salinity figures. ‘The po- 
4 sitions along the vertical 
200F > 5 
0 axis are based on the same 
5 salinity figures. Neverthe- 


less, the reliability of the 
segmentation method fol- 
lowed is demonstrated by 
the fact that the dotted line 
nearly coincides with the 
" CALCULATED FROM DicHance bata deal! line./Also the signific- 
<a OG Gn a ee a OO ont | Nance. Or the scorrelationsbe: 


Fig. 21. The relation between figures for fresh pe the two sets of data 
water present in the Wadden Sea as computed ' not lessened by the above 
from salinity measurements, and the amounts cal- mentioned interdependen- 

culated directly from discharge figures. ce. This correlation shows 


again that the method fol- 
lowed gives reliable results, especially since for many individual data 
the cause of the deviation from the ideal line can be shown to be 
independent of this method. In some cases the value plotted along 
the horizontal is too high, because the salinity values were measured 
at low instead of high tide. Some other vertical values are too low, 
since the salinities were measured on days with strong wind, which 
caused an accelerated exchange of water. 

It is further interesting to note that the two series of data can best be 
represented statistically by a straight line. This indicates that the rate 
of transport of fresh water is not influenced considerably by the amount 
of fresh water present; otherwise, a curved line would have been ob- 
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served. The straight line correlation fits in with the conclusion set 
down on p. 424 and 430. 


III. DISTRIBUTION AND TRANSPORT 
OF SUSPENDED MATTER 


In this chapter an attempt will be made to account for the presence 
of large quantities of suspended matter in the Wadden Sea and the 
quantitative variations occurring from place to place. Stress will be 
laid on the study of the light fraction (silt), since the latter comprises 
among other things organic matter and clay, which were considered 
to be of special interest. 

A picture of the distribution of suspended matter throughout the 
area of investigation was formed by studying thousands of water sam- 
ples. The local variations of suspended matter have been studied by 
measurements from anchored ships. Besides, observations have been 
carried out on particular distinct masses of water marked by floats. 

The most interesting feature of the distribution ofsilt within the Wad- 
den Sea is the existence of a gradient in silt concentration from the 
inlets to the interior part. In order to explain this it was necessary to 
give attention to details concerning the transport of the silt and to the 
composition of the bottom material. These subjects will therefore be 
treated in some detail. All this work would not have been possible 
without the valuable cooperation of the “‘Studiedienst van de Rijkswater- 
staat”. 


I. TIDAL VARIATIONS OF SUSPENDED MATTER AT 
FIXED STATIONS 


The variations in suspended matter in the Danish Wadden Sea have 
been studied in detail by Gry (1942). Most of his conclusions are in 
agreement with our own observations and therefore seem to hold for 
the Wadden Sea as a whole. 

The quantity of material in suspension at a certain place depends 
in the first place on current velocity. As the current velocity varies 
periodically with the tide, observations had to be continued during at 
least one tidal cycle. The stations of observation were spread all over 
the southernmost part of the Wadden Sea. Their positions are indicated 
by numbered bold points in fig. 22. As a rule, samples were taken 
every half hour at three points along the vertical: just below the sur- 
face, about 1 meter above the bottom and at one third of the distance 
from bottom to surface. Simultaneously, the current velocity was 
measured with an Ott current meter suspended halfway down the 
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water. It is assumed that in this way the approximate average current 
velocity along the vertical was found. 

In addition to the main stations, fig. 22 shows the positions of a 
number of secondary stations, where samples for the determination of 
suspended matter were collected just as at the main stations, but here 
no current measurements were carried out. These stations were situated 


Ss 


Fig. 22. Location of the stations where suspended matter was measured throughout 
a full tidal period; the main stations are indicated by numbered boid points, the 
secondary stations alphabetically; see text and table 8. 


along sections running across the most important tidal channels of the 
area. The stations of a cross-section are marked alphabetically in addi- 
tion to the number which they take from the main station situated in 
the same section. At the secondary stations samples were taken at in- 
tervals of 1-1.5 hours, only at the surface and near the bottom. The 
average quantities of silt and sand at all stations are given in table 8. 
Only at the main stations was sampling of sufficient frequency to allow 
of separation of data for flood and ebb. At most stations salinity and 
temperature have also been measured, but these figures will only be 
given if they are of importance for the problems under discussion. 
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TABLE 8 


Average quantities of suspended matter in the Wadden Sea; for positions of stations 
compare fig. 22. 


Nr. Date Depth, Silt, mg/L Sand, mg/l 


Station HW,m Flood Ebb Full tide Flood Ebb Full tide 
I 31- 5-49 o 4-9 7:7 6.3 3-6 7-5 5.6 
6 7.6 10.3 g.0 27.6 17.4 22.5 

BOs 8.5 10.0 9.3 35.8 25.9 30.4 

1A 3I- 5-49 0 os = 5-4 ae see 3-5 
B, 5 = Sig 13-5 — 9.0 

1B 31- 5-49 fo) — — 5.6 =e sa 2.8 
Bere == — 13.0 = == He 

1C_ 31- 5-49 ) == == 6.0 = 3.6 
B, 9 =e ~. 7-5 ai oe 7-9 

1D 31- 5-49 o a5 a 5-9 = = 4-4 
BG = —— a7 — = 14.0 

2 I- 6-49 e) 4.0 3.5 3.8 Sy a3 PG] 
20 10.6 5.1 7.9 Tae 7.6 Fay 

B, 32 6.9 12.6 9.8 10.9 8.1 9.5 

2A 1- 6-49 te) — — 6.1 — = 9.4 
B, 12 = — 10.2 = — 8.5 

2B 1- 6-49 te) — — 5.3 — — 6.3 
B, 32 = ss 15.6 — = 14.9 

2C_1- 6-49 fo) — — 6.0 = — 4.3 
B, 30 = = 9.0 = = 6.0 

2D _1- 6-49 fe) — -= 22.4 ~~ —= TBA 
Byes = — 34.6 —- — 14.2 

3 2- 6-49 fo) 4-7 5.8 5-3 8.1 10.9 9-5 
22 g.2 8.6 8.9 48.2 31.6 39.9 

B, 33 Q.0 Tele 10.1 70.7 110.9 90.8 

3A 2- 6-49 oO — — 6.9 ss — 5.1 
B, 28 == = 15.3 = = 32.0 

3B 2- 6-49 ) — — 5.1 — — 4.1 
B, 39 ae a 7:8 =e can 13.0 

3G 2- 6-49 ) — = 7.0 —~ as 6.5 
Bae — — 9.8 — — 100.1 

LR (ee == 57 ae -~ 6.0 
By 6 == + 11.4 — == 20.0 

4 3- 6-49 o 6.8 3.5 5.2 6.6 3.9 5-3 
18 6.7 5.1 5.9 L7er 6.5 11:0 

B, 28 9.5 6.1 7.7 42.6 Trea 31.9 

4A  3- 6-49 oO a == 4.0 — — 2.9 
B, 10 — — 9.6 — — 19.8 

4B 3- 6-49 0 a = 4.4, ~ = 3.7 
B, 12 Ts a 10.4 — — 1952 

4G 3- 6-49 fo) — _ 3.9 au = 3.0 
B, 18 = = 5.9 = = aa 

4D 3- 6-49 Oa = 3.8 — = 4.5 
B, 22 — — Liek —- = 15.0 
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Nr. Date Depth, Silt, mg/l Sand, mg/l 

Station HW m Flood Ebb Full tide Flood Ebb Full tide 
5 g- 6-49 te) 9.3 11.8 10.6 4.7 8.5 6.6 
8 17.3 19.0 18.2 9.7 7.4, 8.7 
12 41.5 29.8 35-7 13.4 11.9 Tee 
5A g- 6-49 0 = a 12.9 ss ae 3-9 
Bae a= — 7/8 == — 17.4 
5B 9- 6-49 (o) = TOs = = 3.0 
BaOs5 = == 23.9 = = 5.2 
5C 9- 6-49 0) a = 13.0 = == 6.9 
B, 12.5 = a PORT == = 9.4 
5D 9- 6-49 fe) = = 14.3 — = 25.6 
B, 6.5 == == 17.9 = aaa 58.2 
6 10- 6-49 e) 22.3 13.1 i079) 2.9 Bes 3.1 
10 14.9 21.8 18.4 2.6 3.3 3.0 
B, 16 3123 30.5 30.9 Tleal 7.8 9.5 
6A 10- 6-49 (e) = — 14.5 = = 3.2 
B, 5 = 2s 36.9 ae a 46.3 
6B to- 6-49 fo) — — Tey “== == 2.6 
1B Gy = 30.8 == == 16.6 
6C_ 10- 6-49 co) — = 11.8 == — 2.9 
B, 13.5 — == 25.4 = 6.0 
6D_to- 6-49 ) = == 14.6 == = 7.9 
Bes = = 23.8 ae 65.0 
7 I1- 6-49 oO 4.9 Wel 6.0 0.9 0.5 oly) 
16 7.4, 10.7 g.1 2.5 1.3 1.9 
B, 24 13.0 19.1 16.1 5.8 2.9 4.4 
7A 11- 6-49 fo) == == Teleee7) — Voit 
B, 8 == = Oa ae == 10.6 
ae —_ = 8 

7B 11- 6-49 Co) 12.5 I 
13}, 12 = ss 25.8 = = 11.6 
7C 11- 6-49 (o) — — 15.1 — = 1.6 
Boa == = 26.9 a = DS 
7D 11- 6-49 to) = = 17.4 = axe 3-1 
B, 9 — = 16.0 — == 4.9 
7E 11- 6-49 O = a 75 ae rae 1.6 
by == = 6.2 == — 1.5 
7F 11- 6-49 fo) = = WS — = 1.6 
Bay —- — 18.0 — — Ba 
7G 11- 6-49 oO — — 7.8 = — 0.7 
B, 20 — = 14.2 = = ee 
7H 11- 6-49 fo) — — 12.3 — = 1.2 
135, Oy) == = 15.1 — — 3.7 
7J  11- 6-49 oO — — 10.2 —- 1.4 
B, 9 = = 15-9 = = 4.3 
8 13- 6-49 oO DSF 14.7 18.7 3.2 2.9 3.1 
9 28.6 25.8 27.2 9-3 4.7 7:0 
B, 14 36.1 31.3 9307 24.0 4.1 14.1 
8A 13- 6- ) = = 20.1 — — 3.4 
s 49 ; 7.5 ——— — 28.2 = =— 20.8 
8B 13- 6-49 0) = = 15.1 — — 4.0 
B, 6.5 = a 29.1 = — 5.2 
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Nr. Date Depth, Silt, mg/l Sand, mg/l : 
Station HW, m Flood Ebb Full tide Flood Ebb Full tide 
8C 13- 6-49 oO — = 12.1 = = G7) 

7 _ 30.0 = = 4.4 
8D_ 13- 6-49 fe) — — 9.6 = — 13 
-—o — 15.7 — — 1.5 
9 14- 6-49 O-7 +25 == a5 D5 se 8 a5.) 25 2 
g A 13/14-6-49 0 = = 19.0 = — 3-7 
Jy — — 23.0 = — 17.6 
9B 13/14-6-49 ) = = 21.0 = = 6.0 
B, 6.5 = == 24.1 = 7s 5.1 
9 C 13/14-6-49 Oo = -= 11.3 — — 1.9 
Bae = — 20.9 = = 6.3 
9D 13/14-6-49 -0 9 — = 16.0 — = 3.3 
Bae = — 38.2 == = OF 
10 19- 8-49 to) WO 7 Oa 17 ea 19) 10.2 
10 14.9 12.9 13.9 1426 12.9 12.3 
B, 15 17.4 15.4 16.4 17.6 15.4. 16.5 

10 22- 8-49 fo) 16.9 10.7 13.8 3.0 5.1 4.1 
10 16.6 13.3 14.9 7.4. 4.0 5.7 

B, 16 14.2 12.8 13.5 16.5 5.6 — 
10 A_ 19- 8-49 O — — 11.8 — = 2.6 
BY 2B — — 14.7 -— — 11.8 
10 B_ 19- 8-49 O — — 20.0 — = 5.8 
B, 15 — = 12.2 = == g.8 
10C_ 19- 8-49 fe) = — One == er 4.0 
Bee = = 22.3 = = 9.3 
10D _ 19- 8-49 te) — — TOT aa a= 4.6 
Ih & = — 16.5 = = 6.5 
10 E 19- 8-49 fe) — — moe, — — 11.9 
Bees — — 16.9 == = 6.0 
10 F 19- 8-49 Oo — — 16.0 = = 6.9 
B, 2.5 — — 18.5 = 10.0 
II 18- 8-49 ) 11.8 10.4 Te 4.5 5.4 5.0 
6 13.0 16.7 14.9 6.9 6.4 6.7 
10 17.2 16.3 16.8 7.6 20.8 14.2 
11A_ 18- 8-49 te) — — 12.5 _ — 6.6 
BY 6 _ -— 15.5 — — TG 

11B_ 18- 8-49 (e) = — 13.8 = 23 
B, 6 = == 15.1 2 — 30.7 
11C_ 18- 8-49 fo) = as eres == = Ong 
B, 14 = — 14.8 — == 5.1 
wit 1D) Tus 8-49 oO == — 13.3 — SS 6.3 
By 25 — — 15.2 — — 7.9 
11E_ 18- 8-49 0 = — 13.3 = at 3.4 
B, 2.5 — - 14.3 — — 6.8 
11F 18- 8-49 oO — — 15.1 are —, 5.3 
Bee — — 13.9 — — 16.1 
12 20- 8-49 e) 15.7 10.8 13.2 2.8 4.3 3.1 
5 12.4 13.9 DQ aD 70 5.8 yi 
B, 8 20.4 13.4 16.9 10.8 9-5 10.2 


HYDROGRAPHY OF THE DUTCH WADDEN SEA 447 
Nr. Date Depth, Silt, mg/l Sand, mg/l 
Station HW, m Flood Ebb Full tide Flood Ebb Full tide 
12 A 20- 8-49 ) = = 11.0 == = 6.0 
B, 3-5 — — 14.6 — — 9.2 
12B_ 20- 8-49 ) — — 12.0 —_ = 3.9 
1, = = 14.4 aaa = 8.6 
12C 20- 8-49 ) — — 10.8 = = 4.9 
By 6.5) Wee = 13-9 = — 8.5 
12D _ 20- 8-49 () — — 9.8 — = 5.0 
Bes = — 13.8 = = 53 
13 23- 8-49 te) 14.0 g.0 11.5 12.5 4.0 8.3 
4 12.0 13.5 12.8 7.0 9.0 8.0 
Bey 1 7EO 19.5 18.3 7.5 12.0 g.8 
13A 23- 8-49 ) — = 9.6 == ri 3-7 
1B, oR = — 18.6 = = 21.8 
13B 23- 8-49 0 — -- 9.3 — — 3.8 
B, 6 = — 14.2 = = 18.4 
13C 23- 8-49 0) — — 10.1 = = 2.8 
B, 6.5 = — 13.4 = = 10.3 
13D 23- 8-49 ) — — 10.5 — — 3.3 
B, 5.5 = — 11.0 = = 15.6 
14 24- 8-49 (e) 49.5 61.5 55-5 7.8 21.5 14.7 
B 46.5 58.0 52.3 50.7 118.1 84.4 
B, 6 66.5 59.5 63.0 81.0 — — 
14A 24- 8-49 O = = 36.3 == aa 12.0 
By 3 soe = 36.8 = = 45.2 
14.B 24- 8-49 (e) — — 38.7 — — 10.8 
B, 5 = — 41.2 = = 2162 
14C 24- 8-49 ) — — 32.0 — — 8.0 
B, 5 =F = 37-9 a 24.6 
14D 24- 8-49 ) = a=: 31.9 a= = 6.6 
B, 4 - = 46.9 = 57-6 
15 25- 8-49 0(B, 9.5) 24.8 13.0 18.9 5.0 4.3 Alea) 
15 A 25- 8-49 ) = = 19.9 <= = Boz 
B, 4 = a 35:5 = == 53.2 
15B 25- 8-49 fo) — 30.0 10.4 
Baro — = 47.1 — — 13.7 
15C 25- 8-49 ) = = 36.2 == == 31.4 
B, 2.5 — — 42.6 — — 45.9 
15D 25- 8-49 co) = -= 16.8 — — 6.5 
15E 25- 8-49 o) = — 16.8 = == 4.3 
15 F 25- 8-49 e) == — 12.1 _- -- 2.9 
15G 25- 8-49 ) — = 11.9 — — 3.1 
16 22- 5-51 Co) 24.7 21.0 45-7 6.3 4.8 ligt 
By Za Be! Re 51.0 11.8 6.0 17.8 
17; Q22- 5-51 (o) 14.0 14.3 28.3 6.6 5.8 12.4 
Bao 35.5 GOI 65.6 7.9 7.6 15.5 
18 Q2- 5-51 (o) 7.6 Fou 14.7 5.5 4.1 9.6 
8 11.6 11.0 22.6 8.5 8.8 17.3 
1B, Tt BG) 11.9 25.8 ja 6.6 DRG 
I - 6-51 fo) 19.3 12.0 31.3 Fol! 4.1 01.2 
: Se 1}, 19.5 12.6 3251 4.4 4.3 8.7 
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eee ae pers Flood geet Full tide Flood vad Full tide 
20 5- 6-51 (e) 13.9 8.1 22.0 7.8 333 lie 
B, 2 20.5 9.4 29.9 10.2 5.6 15.8 

21 5- 6-51 fe) 12.7 Wey 20.4 4.9 4.9 9.8 
Bie 13.5 8.2 21.7 9.7 4.9 14.6 

22 25- 5-51 ) Ore 7) 9.2 20.9 5.0 4.9 9.9 
Beant 20.1 11.6 31.7 19.2 9-5 28.7 

23 24- 5-51 ) 13.3 11.0 24.3 6.3 4.7 11.0 
Fi 18.3 16.1 34.4 6.3 5.9 Oe) 

Beat 19.8 15.8 35.6 7.4 6.3 U3ey7) 

23 25- 5-51 O 13.9 XG? 26.2 3.0 5.4 8.4 
8 18.8 15.5 34.3 6.6 TAG 11.3 

B, 12 18.2 78 35-5 10.4 6.1 17.5 

24 24- 5-51 co) 15.1 12.0 27.1 5.2 5.1 10.3 
Bas 40.2 24.1 64.3 12.1 17.8 29.9 

25 6- 6-51 (o) QE) 11.4 25.1 5.4 3.8 9.2 
Beet — 13.8 = — 9.7 — 

26 6- 6-51 ) 10.7 11.4 22.1 4.3 3.7 8.0 
B, 4.5 14.8 18.0 32.8 10.1 8.8 18.9 

27 6- 6-51 0) 8.2 11.8 20.0 4.6 3.6 8.2 
1p 13.8 15.1 28.9 3.8 5.1 8.9 

28 3- 7-51 O(B, 1) 13.6 9.0 22.6 6.3 8.0 14.3 
29 3- 7-51 fe) 13.4 16.6 30.0 g.I g.0 18.1 
1h, i DRS aa se 9.9 — — 


Observations were carried out at so many points in order to gain 
an insight into the geographical distribution of suspended matter in the 
area studied. However, the variations in the quantity of suspended mat- 
ter at any particular point in the course of the tide will be examined 
first. Three stations, numbered 3, 8 and 13, will be taken as examples. 
The variables measured are plotted in figs. 23, 24 and 25 respectively. 
The diagrams show water level, current velocity and suspended ma- 
terial. The rate of transport of water along the main stations, expressed 
in kilometers, is given in table to A. 

The quantity of particulate matter goes up and down with the cur- 
rent velocity, although changes are sometimes very irregular. A strong 
current brings more material into suspension than a weak one. Evi- 
dently, there is constant competition between the turbulent action of 
the current which causes an upward movement of suspended matter, 
and the force of gravity which causes the particles to settle. It is under- 
standable that the concentration of sand and silt decreases upward 
along the vertical, and also that this is more the case with the heavier 
sand grains than with the lighter silt particles (see table 8). 

The suspended matter reacts with a certain inertia to changes of 
current velocity. Mostly, there is a lag of time between the turn of the 
tide, when current velocity is zero, and the moment at which the 
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Fig. 23. Vertical and horizontal tide, and suspended matter at station 3 of fig. 22. 
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Fig. 24. Vertical and horizontal tide, and suspended matter at station 8 of fig. 22. 


lowest figures for suspended material, especially suspended silt, are 
found. Of the three figures 23, 24 and 25, only fig. 24 shows the effect 
clearly; the minimum of suspended silt 1s in this case found from half 
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an hour to one hour after the turn of the tide. Table 9 gives all other 
observations available, which point to the same phenomenon; Gry 
(1942) also gives a number of examples. 

The effect has not been observed at station 3 of fig. 22 and other 
stations with low silt concentrations, probably because the rise and 
fall of the curve for suspended matter in the course of the tide is slight 
and the minimum therefore hardly distinct. At station 13 (fig. 25) 
and a number of similar stations the effect is probably indiscernible 
because of the irregular variations in the quantity of suspended matter. 

The time lag observed can easily be explained from the fact that 
in a period of increasing current velocity some time is needed to bring 
material into suspension. On the other hand, when the current decreases, 
it takes time before the material has settled. In an area with alternating 
currents an equilibrium is therefore never attained. 

In this connection it is of importance to consider the rate at which 
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Fig 25. Current velocity and suspended matter at station 13 of fig. 22. 
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TABLE 9 


The time interval separating the moment of minimum concentration of suspended 
matter from the turn of the tide. S D: turbidity measurement with Secchi disc.; 
S: concentration of suspended matter near surface. At the stations of fig. 22, not 
mentioned in this table, the time interval was indistinct. 


Depth, m 


Method of 


Position of Station Tide Time interval, 
observation minutes 
26-6-36 ‘Texelstroom ZI HW SD 15 
23-9-36 Marsdiep 39 FLW SD 20 
23-6-39 Den Helder, harbour 10 HW SD 20 
5-6-40 Den Helder, harbour 10 HW SD,S 25.15 
20-5-47 Texelstroom 35 HW SD 40 
20-5-47 ‘Texelstroom 35 IEA AY sD indistinct 
21-5-47 Texelstroom 35 HW SD 45 
21-5-47 Texelstroom 35 LW SD indistinct 
30-6-47 Den Helder, harbour 10 HW sD 25 
21-7-47 Den Helder, harbour 10 HW SD 35 
26-6-48 Mal Zwin lige HW SD_ more than 40 
14-7-48 Den Helder, harbour 10 HW SD 35 
6-8-48 Mal Zwin 12 HW SD 20 
6-8-48 Mal Zwin 12 LW SD 15 
23-9-48 Oude Vlie 8 HW SD 30 
21-3-49 Den Helder, harbour 10 HW S 45 
10-6-49 Mal Zwin, station 6, fig. 22 16 LW S 30 
11-6-49  ‘Texelstroom, station 7 24 HW Ss 15 
13-6-49 Mal Zwin, station 8 14 HW S 45 
13-6-49 Mal Zwin, station 8 14 LW S 30 
14-6-49 Amsteldiep, station 9 ai HW S 30 
28-6-49 Mal Zwin 12 HW SD 45 
6-7-49 Den Helder, harbour 10 HW SD 25 
7-7-49 Den Helder, harbour 10 HW SD 10 
19-8-49 _Engelsmangat, station 10, fig. 22 15 LW Ss 30 
19-8-49 Engelsmangat, station 10, fig.22 15 HW S 45 
18-8-49 | Vogelzwin, station 11 10 HW S + 40 
19-8-49 Vogelzwin, station 11 10 LW S = 30 
20-8-49 Vogelzwin, station 12 8 LW S 30 
20-8-49 Vogelzwin, station 12 8 HW S) indistinct 
23-8-49 Vogelzwin, station 13 7 HW S 35 
23-8-49 Vogelzwin, station 13 7 LW S e) 
25-8-49 Jack TJst, station 15 95 HW S 30 
25-8-49 Jack IJst, station 15 9-5 LW Ss o) 
17-7-50 Den Helder, harbour 10 HW SD,S 25,15 
22-5-51 Dove Balg, station 16, fig. 22 4.5 HW S 40 
22-5-51 Dove Balg, station 16, fig. 22 4.5 TERVV; S O 
22-5-51 Dove Balg, station 18, fig. 22 14 HW S 60? 
24-5-51 Omdraai, station 23 Il HW S 50 
2575-51 Omdraai, station 23 12° HW S 30 
6-6-51 Binnen Breesem, station 26 4.5 HW S 20 
6-6-51  Binnen Breesem, station 27 45 eV S indistinct 
28-6-51  Texelstroom 35 LW SD 30 
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the suspended particles settle. Though sand grains up to 200 yw have 
been observed under the microscope in small numbers, the average 
grain size of the sand will probably not have surpassed 100 w. According 
to Stokes’ law sand grains of 100 w diameter sink about 0.5 m/min.; 
sand grains of 50 w about 0.1 m/min. On an average, the silt fraction, 
consisting of particles smaller than 50 w, may sink some 1-10 cm/min. 
During slack water the sand fraction will therefore settle out of the 
upper part of the water column within a few minutes. The silt fraction 
will need much more time. Hence it is primarily silt which causes the 
interval in time between the turn of the tide and the moment of mini- 
mum concentration of suspended matter. 

Figs 23 and 24 show that the silt concentration is higher at low 


Fig. 26, A and B. Distances covered by floats during one tidal cycle; Marsdiep Area, 
June 1949. 


454 H. POSTMA 


Fig. 26 B 


tide than at high tide. As will be shown, this difference is caused by 
the geographical distribution of the suspended matter, which will 
be discussed below. 


2. OBSERVATIONS NEAR MOVING FLOATS 


In the case ofa fixed station, as discussed in the previous paragraph, 
one is concerned with samples from different water masses, since during 
the observations the water passes by the place of observation. Useful 
additional information has been obtained by taking samples from a 
special mass of water marked by a float. The float consists of two iron 
planes fastened perpendicularly to each other and hanging vertically 
from a wire attached to a small buoy. If the planes are large enough, 
the movements of the buoy depend on the velocity of the water layer in 
which the planes are suspended and not on the current velocity at 
the surface. In most experiments the planes hung in the bottom water. 

The distances travelled by the floats during approximately one tidal 
cycle are given in figs. 26 and 27, and table 10. On the Texelstroom, 
the largest channel of the Marsdiep area, distances of more than 20 
kilometres were covered; in the smaller channels distances were pro- 
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Fig. 27. Distances covered by floats during one tidal cycle; Eyerlandse Gat, 


August 1949. 


TABLE IO 


Distances covered by floats; compare figs. 26 and 27. 


Nr. Date 1949 Tidal channel Depth Float, m Flood, km Ebb, km 
Experiment 
I 31-5 Molengat-Texelstroom 10 = 1g 
2 1-6 Schulpegat-Texelstroom 10 — 18 
B 2-6 Texelstroom 10 24 == 
4 3-6 Texelstroom 10 22 = 
5 9-6 Texelstroom-Schulpegat- fe) = 21.5 
Mal Zwin 
6 10-6 Mal Zwin 6 = == 
7 11-6 Texelstroom 10 = 16.5 
8 13-6 Mal Zwin 4. = 12.5 
9 14-6 Mal Zwin-Amsteldiep 3 — 8.5 
10 19-8 Engelsmangat-Vogelzwin 6 Il —~ 
Il 18-8 Engelsmangat-Vogelzwin 6 8 —- 
12 20-8 Engelsmangat 0.8-10 9 — 


13 23-8 Vogelzwin 2-10 +10 +10 
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portionally shorter. The floats generally followed the same traverse 
forth and back; an interesting exception is the experiment of 9-6-1949. 
At the turn of the tide the floats turned clockwise as well as counter- 
clockwise. 

The variations in silt content in a particular mass of water during 
the course of a tide are the same as the changes observed at the fixed 
stations (figs. 28 and 29). Much silt is brought into suspension when the 
force of tide is at its height, whereas shortly after slack water the con- 
centration drops to a minimum. 


3. GEOGRAPHICAL DISTRIBUTION OF THE SUSPENDED MATTER 


The fixed stations were situated all over the Marsdiep area and the 
adjoining area of the Eyerland tidal inlet between Texel and Vlieland. 
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Fig. 28. Variations of suspended silt during float experiments I, fig. 26 A. 
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Fig. 29. Variations of suspended matter during float experiment II, fig. 27. 
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The observations at these stations can therefore be used to estimate 
differences from place to place in the amounts of suspended silt and 
sand. However, if comparisons between the various stations are to be 
valid, it must be certain that the differences observed are not caused 
by changes in wind force from day to day during the days of observation. 

Since no special study of wind influence was made, such data are 
hardly available. Long-range observations, also on stormy days, would 
be required to gain an insight into the quantitative influence of wind. 
It is difficult, however, to continue measurements under bad weather 
conditions. 

Some information about the influence of wind on the concentration 
of suspended matter was obtained from observations in the harbour 
of Den Helder. Here, measurements were made at high tide about one 
metre below the water surface. It must be realized, however, that the 
point of observation is sheltered by the coast from strong winds and 
therefore not representative of conditions on the open sea. Moreover, 
measurements were made only around the turn of the tide and there- 
fore the concentrations measured are below the average. On the other 
hand, the harbour, shaped like a canal and open at both ends, formed 
a passage to the flats behind it and therefore fully possessed the charac- 
teristics of a tidal channel. In this respect, at any rate, it provided a 
good opportunity for representative sampling. 

The monthly averages of the observations for the years 1949 and 1950 
are given in fig. 30. The quantity of suspended material is higher in 


50 DEN HELDER, 
HARBOUR 


OP ere Ani) J) A on ON 


Fig. 30. Monthly averages of suspended matter in the harbour of Den Helder for 

the years 1949 and 1950. The samples have been taken from sea water pumped 

daily into the aquarium of the Zoological Station around high tide; depth about 
1 m below the surface. 


450 H. POSTMA 


TABLE II 


Concentration of suspended matter in the harbour of Den Helder around H W 
during October 1949; compare fig. 30. 


Date, October Total susp. matter mg/l | Date, October Total susp. matter mg/l | Date, October Total susp. matter mg/l 
I 6.4 13 27.0 23 39.8 
2 9.2 16 12.8 24. 89.5 
4 7.2 17 26.0 25 25.1 
5 8.7 18 10.4 26 27.0 
8 8.0 20 54.4 28 25.8 
9 6.0 QI 58.2 average 25.9 
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Fig. 31. Comparison of the concentration of total suspended matter at the stations 


13 and 14 of fig. 22, to demonstrate wind influence; average of measurements along 
the vertical. Wind force resp. 7 and 12 m/sec., depth 7 and 4 m. 
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winter than in summer, with a maximum of about 45 mg/l in Decem- 
ber and a minimum of 20 mg/l in August. The individual observa- 
tions, however, show much larger differences; an example is given in 
table 11. During a heavy storm in March 1949 an exceptional quantity 
of no less than 447 mg/l was measured. The next day already this 
amount had been reduced to 20 mg/l. Obviously the higher average 
values in winter are not caused by a constant higher level of concen- 
tration, but by extra high values on days with strong wind. Such days 
occur more frequently in winter than in summer. 

The observations at the main stations of fig. 22 were carried out on 
calm days, with the exception of those at station 14. It is interesting to 
compare this station with the nearby station 13, where measurements 
were made under normal wind conditions; in both cases the depth 
of the water was about the same. On the rough day the concentration 
of suspended matter was from 4 to 5 times as high as on the calm day 
(table 8; fig. 31). It is clearly to be seen that sand contributes more 
to this increase of concentration than the finer material does, probably 
because the bottom near the stations is poor in silt. 

From the above observations it may be concluded that wind has an 
appreciable influence on the amount of material in suspension. Since 
most observations were carried out on calm days in summer, the 
average silt values found are lower than the true annual average; 
judging from figures obtained for the harbour of Den Helder they are 
perhaps even twice as low. On the other hand, the constant weather 
conditions during the observations increased the probability that the 


TABLE 12 


The average surface concentration of suspended matter in a section compared with 
the concentration in the same section a day or a few days later; for positions of 
sections compare fig. 22. 


Section First observation mg/L Second observation mg/L Difference, 


mg/L 
2, A-D 1949, 31 May M73) SLOAG, a), june 15.3 — 2.0 
3, A-D 1 June 13.3 2 June HOs — 2.6 
4, A—D 2 June 8.4 3 June 7.4 — Ke 
5, A-D 3 June 16.3 g June 21.7 + 5.4 
6, A—D g June 15.7 10 June IR + 1.6 
7, A-J 10 June 15.1 11 June 12.9 — 2.2 
7, A-J 11 June 12.9 13 June 14.0 +) 1.0 
8, A-D 13 June 16.0 14. June 14.3 —= 1.7 
11, A-F 18 August Bite y 19 August 26.3 + 4.7 
12, A-D 18 August 22.6 20 August 17.2 — 5.4 
13, A-—D 20 August 17.6 23 August 13.5 — 4.1 
14, 23 August 20.5 24 August 68.4 +47.9 


15, A-C 24 August 60.9 25 August 43.9 —17.0 
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measurements are mutually comparable. This was checked by carrying 
out measurements twice at the same station. The differences from one 
day of observation to the other are low, when compared with the 
differences from station to station (table 12). 

A comparison of figs. 23 and 24 makes it quite clear already that 
sand must have a geographical distribution different from that of silt. 
Station 3 of fig. 23, situated in the tidal inlet, shows high values for 
sand and low ones for silt. The reverse is the case at station 8 (fig. 24), 
situated farther inward. Full particulars about average concentrations 
of sand and silt are given in table 8. They show that high sand con- 
centrations occur only in the tidal inlet. The quantities of sand in sus- 
pension are found to decrease as one moves from the Marsdiep either 
to the Wadden Sea or to the North Sea. Obviously, only the strong 
currents prevailing in the Marsdiep are able to bring large amounts 
of sand into suspension. 

The geographical distribution of silt will be discussed in more detail. 
Figs. 32, 33 and 34 give the minimum values, the average and the 
maximum values respectively. By minimum values are meant the 


Fig. 32. Geographical distribution of silt; minimum concentrations, 
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Fig. 33. Geographical distribution of silt; average concentrations, compare table 8. 


lowest values observed, generally around high water at the end of the 
flooding tide. The average values are the arithmetic means of all 
figures collected at a certain station during one tidal cycle. Maximum 
values indicate the largest quantities of silt, mostly measured during 
or shortly after maximum flood or ebb current; the differences between 
flood and ebb maxima are mostly small. Both maximum and minimum 
values refer to the average concentrations along the vertical. 

The geographical distribution of the average silt values shows a 
gradual increase of suspended silt from the North Sea inward (fig. 33). 
The increase is most pronounced in the direction of the coast and the 
Afsluitdijk. At the western end of the dike values up to 60 mg/l are 
found. Along the Texelstroom suspended silt increases only slowly. ‘To 
give a clear picture of the distribution some isographs are drawn, but 
no special importance should be attached to their course. 

Roughly the same pattern is found for the geographical distribution 
of maximum and minimum values; in the latter case the differences 
from station to station are very small. It may therefore be concluded 
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Fig. 34. Geographical distribution of silt; maximum concentrations. 


7 


that throughout the whole tide the silt concentration within the Wad- 
den Sea is on a higher level than in the North Sea and that this con- 
centration increases gradually in the direction of the coast. 

From fig. 33 and table 8 the average concentration of suspended silt 
of the part of the Wadden Sea here studied has been estimated at 18 
mg/l. The average concentration of sand is about 5 mg/l (see table 8), 
so that the total average amounts to 23 mg/l. The adjoining part of 
the North Sea contains only 6 mg/l! of suspended silt or one third of the 
Wadden Sea value (see below). It has been remarked already that 
these values only hold for calm weather conditions. 

Not only in the area dealt with in this investigation, but also in 
other parts of the Wadden Sea, is the silt content of the water relatively 
high, as appears from observations by Gry (1943) in areas near Esbjerg 
(Denmark) and by Hacen (1856; compare KALLe, 1945) and LUneE- 
BURG (1951) for the Jade Bay. Also Kamps (personal communication) 
found the same for the eastern part of the Dutch Wadden Sea. 

Before we can discuss the cause of these high concentrations, it is 
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necessary to know the quantities of suspended silt of the surrounding 
areas that exchange water with the Wadden Sea. In this respect the 
North Sea and the IJsselmeer are of importance. 

North Sea observations were carried out during calm weather in 
four sections perpendicular to the Dutch coast, in a section running 
parallel with the coast, and from the lightvessel Texel off the Marsdiep 
(fig. 1, table 13 and fig. 35). With the exception of those measured close 
SUSP MATTER by land, the values for the 
MG total of suspended matter 

are low. The above men- 

tioned value of 6 mg/l has 

been accepted as the silt 

2526250 concentration of the wa- 
= SOREAnE ter entering the Marsdiep. 
oo WA seratey Considerable quanti- 
ties of water are further 

“—-- BOTTOM supplied to the Wadden 
Sea by the [Jsselmeer. A 
number of data were col- 
lected about the fresh wa- 
ter discharged at Den 
Oever and Kornwerder- 
zand (table 14). Suspend- 
ed matter was found to 
vary between 10 and 30 
mg/l, with an average 
concentration of about 15 
mg/l. It will be observed 
that this amount lies be- 
low the average silt con- 
a9 8 7 8 8 10 11 42 19°14 15H centration of the adjoin- 


Fig. 35. Variation of total suspended matter near ing part of the Wadden 
the Dutch lightvessel Texel; for location compare Soaatcclpandicvcmibciow 
Ooms 


O 


the over-all average of 
18 mg/l. No quantities of sand of any importance were found in the 
IJsselmeer water. 


4. TRANSPORT OF SUSPENDED SILT 


For a discussion of the causes of the geographical distribution of silt 
observed it will be of importance to know the quantities of silt trans- 
ported by the tidal currents and to determine whether there is asignif- 
icant difference between the figures for ebb and flood. 
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TABLE 13 


Total suspended matter in the North Sea near the Dutch coast; compare fig. 1. 


Nr. Date Lalitude Distance Depth, Total suspended matter, mg/1 Remarks 
Station from ced HW,m Surface Bottom 

I 23-6-49 52°54’ 2. OS oy 7.5 16.4 Section off 
2 4.8 11.5 7.9 18.0 Callantsoog ; 
3 7. Omen) 729 8.2 average of one tide 
4 10.5 19.0 5-3 7.5 
5 13.5 22.0 5.9 3.6 
6 16.2 24.5 5.5 6.6 
7  28-6-49 52° 9’ 3.6 11.5 6.5 19.0 Section off 
8 ele 10.0 6.8 8.4 Wassenaar; average 
9 6.5 18.5 5.1 6.8 of one tide 

10 7.9 18.5 6.6 6.9 

Il 9.6 19.0 4.8 5.9 

12 II.2 20.0 6.0 7.0 

13 24-6-49 es 3.8 — 11 Surface samples 
from Den Helder to 
Hook of Holland 

14 22-8-48 53°22’ 0.8 3.5 9.5( 2.2) 12.8( 1.3) Sectionoff Vlieland; 

15 1.6 3.5 10.8( 3.1) 12.0( 2.7) average of one tide; 

16 2.2 3.0 12.7( 4.1) 12.3 ( 2.0) data on sand in 

17 2.9 8.5 11.6( 3.1) 14.2 ( 2.3) parentheses 

18 uF 15 Onl O. 21 (e225) er4n 742 

19 Dey Vingl  OeAh|( BX) Oya (we) 

20 © ©6.22-8-49 53°18" 0.4 2.0 19.9(10.9) 26.1 (11.4) Section off Texel; 

QI 0.8 2.0 15.4( 5.5) 20.5 ( 6.2) average of one tide; 

22 1.3 5.0 17.3( 9.4) 14.4( 4.2) data on sand in 

23 1.7 6.5 11.0( 2.9) 19.8( 5.8) parentheses 

24 Gye AiG, Lon) (( 2k) TORT (tay) 

25 46° I4.5 7.2( 9.9) GC. 70) 

26 =22-9-49 8.-  — 5.0 —_ g Surface samples 
from Terschelling 
to Den Helder 

27  22-6-50 13.— 22.0 8.5 16.8 Lightvessel Texel, 
H.W., wind force 7 

27  25-6-50 13.—- 22.0 Reif 6.0 Light vessel Texel. 
tidal average 

28 26-6-50 135-1 122.0 4.5 6.0 Lightvessel Texel, 


H.W., wind force 
1-3. 


The amounts of silt passing the stations of observation during ebb 
and flood tide respectively can be found by multiplying the figure for 
silt by that for the current velocity measured simultaneously. If silt 
concentration is given in mg/l and current velocity in dm/sec the 
result can be expressed in milligrams of silt passing every second 
through a vertical area of one dm? perpendicular to the current. 
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TABLE I4 


Total suspended matter in fresh water discharged from the [Jsselmeer at Den Oever 
and Kornwerderzand around low water. 


Date 1950 Den Oever, mg/l Date Den Oever, mg/l Kornwerderzand, mg/l 

ae Ee 4-9 = 9-9 

: 5-9 9-7 10.1 

3-8 12.6 5-9 12.9 13.3 
4-8 [uitoy 8-9 14.3 16.5 
4-8 21.0 8-9 8.0 = 
5-8 15.8 9-9 9.7 21.4 
5-8 11.4 11-9 10.6 29.0 
7-8 9.2 | 12-9 8.4 22.8 
8-8 10.7 12-9 — 10.0 
14-8 14.3 13-9 10.4. 22.9 
15-8 12.8 13-9 [1S 16.5 
17-8 11.9 14-9 11.3 14.5 
18-8 12.2 14-9 17.0 15.7 
19-8 15.2 15-9 10.5 18.6 
25-8 13.1 15-9 14.6 — 
26-8 14.8 18-9 18.2 24.5 
28-8 Ay) 19-9 = 45-0 
29-8 Der 19-9 11.6 23.5 
30-8 13-3 20-9 x 17-5 
30-8 12.0 20-9 15.9 32-0 
31-8 11.3 21-9 17.9 22.5 
31-8 17.8 22-9 18.4 17.6 
I-9 12.6 23-9 13.8 14.5 
24-9 a 15-4 

24-9 18.1 13.3 

25-9 WON! 21.7 

25-9 II.1 17.1 

26-9 24.0 P2727) 

26-9 14.7 18.2 

27-9 = 11.1 

27-9 12.6 14.7 

28-9 14.1 23.3 
28-9 13.6 22.6 

29-9 11.5 12.5 

29-9 16.3 17-5 

30-9 a 15.6 

30-9 12.9 13.6 

1-10 Oa = 

Average 13.5 13.5 18.8 


The example given in fig. 36 is based on data regarding silt and 
current found in fig. 23; the vertical mean of silt concentration had 
to be used, because only the vertical mean of current velocity was 
measured. In the graph the areas enclosed by the horizontal axis and 
the curve therefore represent the total quantities of silt transported 
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Fig. 36. Transport of silt at station 3 of fig. 22, compare also fig. 23. 


through one dm? in flood and ebb direction respectively. The difference 
between the two areas represents the residual transport of silt, which 
in this particular case is found to be in ebb direction. 

In this way the transport of silt has been calculated for most of the 
main stations of observation (table 15). In some cases flood transport 
is found to be iarger than ebb transport, sometimes the reverse is the 
case, and a few times there is no appreciable difference. The results 
thus provide no general evidence for the existence of a one-sided 
transport of silt. Perhaps an exception must be made for some areas, 
for example the tidal channel Omdraai, where all observations indicate 
a residual transport in flood direction (stations 22, 23 and 24). This 
channel forms the connection between the Marsdiep tidal area and 
the area of the Vl tidal inlet and a surplus of silt may therefore be 
transported from the former to the latter area. A cross-section of the 
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TABLE 15 


Transport of suspended silt at the main stations; compare figs. 22 and 37, and 


table 8. 
Nr. Flood, abb, esidua r, 00. 7 
Station g/dm? Hiden oe if Ge n ek dae Sain 5 
g/dm* g/dm* 
3 1620. 2270 Ebb 650 16 2190 1510 Flood 680 
4 1620 == == iy == 2450 = 
5 2920 83580 Ebb 660 18 1590 1680 Ebb go 
6 4210 3720 Flood 490 19 770 1020 Ebb =. 250 
7 — 1620 — 20 550 270 Flood 280 
8 3120 3010 Flood 110 QI 300 290 Flood to 
9 1060 450 Flood 610 22 2130 goo Flood 1230 
10 2920 2290 Flood 630 23 1910. ~=—-1690 Flood 220 
en 2870 3240 Ebb 370 23 2400 1650 Flood 750 
II 1730 2540 Ebb 810 24 1230 790 Flood 440 
12 1220 2000 Ebb = 780 25 = 410 == 
13 2170 3210 Ebb 1040 26 1720 970 Ebb 750 
14 5010 13220 Ebb 8210 ay = 700 — 


28 360 130 Flood 230 
29 170 240 Ebb 70 


15 = 2230 


channel formed by the above-mentioned stations covers at mean water 
level (N.A.P.) an area of 10° dm?, so that roughly 0.7 x 108 kg of 
suspended silt (dry weight) would be transported through the Om- 
draai to the north in every tidal period. It is possible, however, that 
part of this amount is transported back over the flats; compare stations 
18, 19 and 26. 

A comparison of table 15 with table 10 (see also fig. 37) shows that 
residual transport of silt is mainly caused by residual transport of 
water and not by a larger concentration of silt during one of the 
two tidal phases. This shifts the problem mainly to the question of 
residual water movement in the Wadden Sea. So far there is no con- 
clusive evidence of the existence of such residual transport. On the 
contrary, current measurements by Rijkswaterstaat (unpublished re- 
ports of VAN VEEN, 1934, and FeRGuson, 1939) show that ebb and 
flood transport through the Marsdiep and Vlie tidal inlets do not 
differ to a significant degree. According to these observations the total 
transport of water through the Marsdiep by the flood tide is 0.875 x 
10? m3 and by the ebb tide 0.99 = 10° m%, but the possible error of 
observation is considered to be too large to attach value to this 
difference. In the Vlie tidal inlet these values amount to 0.88 x 10% m# 
for the flood and 0.85 x 10% m3 for the ebb. Our own observations on 
the distribution of salinity and temperature do not point to a net 
transport of water in one direction or the other either (compare 
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Postma, 1950). Therefore, residual transport of water, if actually 
existing, is considered to be of minor importance. Consequently, the 
same applies to the transport of silt. 

The transport of silt through the Marsdiep can be roughly estimated 
by combining the above figures found by Rijkswaterstaat with the total 
average silt concentration in Bei ercas 
the transverse section of the gf | ; 
tidal inlet (table 8, stations 
3 and 3A-3D, and fig. 38). 
This average amounts to 8.5 | 
mg/l; the total quantity of 
silt transported in ebb or 
flood direction may therefore | ° 
amount to 8 x 10% kg. 


1000+ 
| 


Attention may once more be 
drawn here to the fact that the 
observations were carried out 
under normal wind conditions. 
However, especially on days with 
strong winds or storm, much more 
particulate matter is brought into 
suspension and transported than 
is normally the case. Since most 
strong winds blow from the cate 
south-west it is possible that this 
causes an over-all transport of 
water and silt to the north-east, 
that is from the North Sea to the 
Wadden Sea and fromonepartof Fig. 37. Relation between the residual transport 
the Wadden Sea tothe other. This — of water, expressed in km, and residual trans- 
residual transport may quantita- _port of silt, expressed in g/dm?, at the main 
tively be of much importance. stations of fig. 22. 

One might ask whether it means 

a gain of silt for the Wadden Sea area. The answer must remain doubtful. The 
Marsdiep area will probably lose silt in this way, since North Sea water, relati- 
vely poor in suspended silt, will enter the area through the Marsdiep and water 
rich in silt is moved to the east. 

Another effect of strong winds may be of even more importance. Although these 
matters are to be discussed in later chapters it may be mentioned here already 
that the quantity of suspended silt present in the Wadden Sea depends among 
other things on the rate of water exchange between the Wadden Sea and North 
Sea. The rate of exchange is certainly accelerated by strong winds and this will 
cause an extra transport of suspended silt back to the North Sea, especially since 
it is combined with higher concentrations of silt in suspension. 
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The quantity of silt supplied to the Wadden Sea by the IJsselmeer 
can easily be calculated since both water discharge (16.8 x 10% m?) 
and silt concentration (15 mg/l) are known (tables 1 and 14). It 
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Fig. 38. Transverse section of the Marsdiep; average concentration of sand and silt 
(stations 3 and 2 A-3 D of fig. 22) and grain size of the bottom sediment. 


amounts to 0.25 < 10° kg of silt per tide. This is a very small quantity 
as compared with the amounts of silt transported in the Wadden Sea 
itself. 

So far no attention has been given to the transport of sand. Some 
information on this point can be obtained from the data of tables 8 
and 13. The differences between individual stations as regards the 
concentration of sand are much larger than in the case of silt; the 
measurements along the cross-section of the Marsdiep may serve as an 
illustration (fig. 38). Obviously changes in the disposition of bottom 
material are greater in one place than in another; probably channels 
and flats become deeper at certain points and are more or less filled 
up at others. For example, FrERGuson (unpublished report of the 
,,Rijkswaterstaat’’, 1943) has observed that the tidal channel Molen- 
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gat, west of the Marsdiep, grew deeper during the period 1935-38, 
while at the same time the Texelstroom, east of the Marsdiep, became 
shallower. This may partly be due to transport of sand from one chan- 
nel to the other. 

The transport of sand into the Wadden Sea has been discussed in 
greater detail by VAN BENDEGOM (1950), who supposes that the Wad- 
den Sea bottom follows the rise in mean sea level, which would involve 
a transportation of sand from the North Sea to the flats. This sand is 
provided by the Dutch North Sea coast. From the rate of coastal 
recession during the last 100 years VAN BENDEGOom calculated that 
every year about 3.5 < 10° m? of sand would be available for the 
western Wadden Sea. Of this amount about 1.75 x 108 m3 of sand/ 
year or about 2.5 x 10° kg (dry weight) per tide may enter the area 
through the Marsdiep. The amount of water transported through this 
tidal inlet by ebb and flood being about 10° m3, a surplus concentra- 
tion of 2.5 mg/l during the flooding tide would be sufficient to bring 
about such a movement of sand. Actually, the average concentration 
of sand in the water passing through the Marsdiep amounts to about 
30 mg/l (table 8, stations 3 and 3A-3D, and fig. 38), so that a dif- 
ference of 2.5 mg/l might easily escape observation, especially because 
much sand may be transported along the bottom, and therefore not be 
observed in sampling. Therefore the data for sand, in contrast to those 
for silt, have little value for transport calculations. 


5. THE ACCUMULATION OF SUSPENDED SILT 


It has been shown on p. 462 (figs. 32, 33 and 34) that the concentration 
of suspended silt in the Wadden Sea is considerably higher than in the 
North Sea. As the exchange of water between the two areas is intensive 
(see chapter IT), this ought to cause a residual transport of silt along 
the gradient from the former area to the latter. In trying to evaluate 
the extent of such a residual transport we may assume that the distribu- 
tion of suspended silt agrees with that of the fresh water (compare 
figs. 33 and 14 B). In that case during every tide about 8% of the 
excess of suspended silt in the Wadden Sea must be transported to the 
North Sea. Ifthe surplus concentration of silt is taken to be 18 — 6 = 12 
mg/l (pp. 462 and 463), and the high tide volume of the Marsdiep area 
is put at 3.1 X 10° m3 (table 1), the surplus transport by the ebb 
movement should amount to 3 x 10° kg per tide. 

It may be assumed for a moment that this amount of silt is actually 
transported in the course of every tide to the North Sea. In that case 
this loss should be neutralized by a gain from some source or other. 
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Since high silt concentrations are related with low salinity values, it 
may be asked whether the supply of silt from the [Jsselmeer yields 
sufficient quantities. As a matter of fact, the amount of O25ex TO" Ke 
per tide found on p. 469 is almost negligible if compared with the quan- 
tity of 3 x 108 kg to be accounted for. Besides, no considerable quan- 
tities of fresh water are discharged into the eastern part of the Dutch 
Wadden Sea, where the silt concentrations are also high. 

The suggestion might be made that fresh amounts of silt are con- 
stantly brought into suspension by abrasion from the bottom of the 
Wadden Sea or certain sections of the coast. This appears to be the 
case in the Danish Wadden Sea, according to Gry (1943). However, 
neither extensive changes in bottom configuration nor coastal erosion 
take place in the Marsdiep area. 

As no other sources for the supply of silt than the above-mentioned 
ones are available, one is led to the conclusion that eventual losses 
to the North Sea must be balanced by a gain from the same area. 
This conclusion is also supported by the observations on p. 468, which 
show that the amounts of silt transported through the tidal inlet by 
the ebb tide and the flood tide are approximately equal. As the total 
transport of silt during ebb or flood is 8 x 10° kg, an ebb surplus of 
3 x 10° kg would most probably not have escaped observation. 

If, however, no excess transport of silt to the North Sea should 
exist, this would mean that silt is accumulated within the Wadden Sea 
against its own gradient. In others words, the levelling effect of the 
water exchange between Wadden Sea and North Sea would be opposed 
by a force causing accumulation of silt, especially in the interior part 
of the Wadden Sea. A state of equilibrium would be reached if the 
two forces neutralized each other. 

In this connection the following argument may be enlightening. We 
may for a moment assume that some dissolved, non-suspended sub- 
stance is present in a higher concentration in the Wadden Sea itself 
than in the North Sea, for example because a surplus of the substance 
is temporarily introduced into the area together with the fresh water. 
In fact, fresh water itself may be regarded as a “‘negative’’ dissolved 
substance. It is self-evident that some time after the supply has been 
cut off, the higher concentration of the Wadden Sea will have dropped 
again to the concentration of the North Sea. If, therefore, such a 
levelling effect is not found in the case of silt, one may well ask whether 
this can be due to the fact that silt is not a dissolved, but a suspended 
substance. Contrary to the concentration of most dissolved substances, 
the concentration of suspended substances increases downwards from 
the surface to the bottom. Moreover, the concentration of the latter 
is subject to tidal variations (see figs. 23, 24 and 25). The accumulation 
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of silt may therefore either be caused by the gradient of silt along the 
vertical or by tidal differences in silt concentration. Both possibilities 
will be discussed here. 

1. An increase in silt concentration from the water surface to the 
bottom could result in an accumulation of silt, if the bottom water 
were to show an over-all transport in the direction of the interior of 
the Wadden Sea and the surface water a similar transport in the 
opposite direction. This would cause a surplus transport and an accu- 
mulation of suspended silt inward. In a state of equilibrium the loss in 
one direction would neutralize the surplus transport in the other. 

The above-mentioned circulation of water frequently occurs in 
estuaries, but is not found in the Wadden Sea, with the exception of 
the areas quite near the [Jsselmeer sluices. Therefore, the explanation 
offered certainly does not hold for the Wadden Sea as a whole. A 
second objection is the existence of high silt concentrations near the 
Frisian coast, where no large quantities of fresh water are discharged 
and, consequently, no circulation of the type discussed above exists. It 
must therefore be concluded that the explanation suggested is not 
capable of general application. 

Attention may be drawn here to another effect of fresh water on suspended silt. 
It is generally assumed that mixing of fresh and salt water causes colloidal and 
finely divided suspended matter to combine to particles of larger size. Such particles 
will settle more easily. The same accumulation of silt results from the activity of 
molluscs, which with their filtering mechanisms produce faecal pellets (VERWEY, 
1952). These processes probably support the accumulation of silt both at the bottom 
and in the water, but they do not provide an explanation for the mechanism of 
this accumulation. 

2. It may also be suggested that the transport of silt into the Wadden 
Sea against the gradient is in some way or other caused by the varia- 
tions in silt concentration during the tidal cycle. This transport may 
be supposed to neutralize an equally large loss of silt in an opposite 
direction, caused by the water exchange in the same direction as the 
silt gradient. 

The tidal variations of siltsmust then be supposed to act in such a 
way that the pattern of behaviour exhibited by ebb and flood in rela- 
tion to silt is asymmetric, the ebb tide not being able to carry back all 
the silt carried inward by the flood. 

In this connection attention may be drawn to fig. 39, which shows 
the percentages of silt in bottom samples taken by the Zoological 
Station for biological purposes (see also HANSEN, 1952). Unfortunately 
the samples are not divided equally over the area, data relating to 
flats being scarce. Nevertheless, the difference between the distribution 
of sand and that of silt is clearly brought out. This divergence is in the 
first place caused by the progressive decrease of water movement from 
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Fig. 39. Mud content of bottom samples collected with a Van Veen bottom sampler, 

primarily for biological research. Large circles indicate mud to half sand—half mud, 

smaller circles half sand—half mud to sand with little mud, smallest circles sand with 
very little or no mud, points coarse sand, often with gravel and shell remains. 


the North Sea to the Wadden Sea interior. A soft bottom can never 
exist in places frequently exposed to the impact of waves or places 
where strong currents prevail. Silty areas are therefore restricted to 
flats protected against strong winds by the coast and some places near 
the coast too deep for the impact of waves to have any effect, and with- 
out strong currents (for example Vlieter and Amsteldiep, fig. 2). 

If fig. 39 is compared with fig. 33, we are struck by the fact that the 
distribution of bottom silt corresponds to a notable degree with the 
distribution of suspended silt. The effect that creates the silt gradient 
may therefore also be connected with decreasing water movement 
from the outer to the inner part of the Wadden Sea. This point of view 
is also supported by the fact that the tidal flats in the eastern Dutch 
Wadden Sea, better sheltered from strong winds than those of the 
western Wadden Sea, besides being more silty, are also marked by very 
high quantities of suspended silt (Kamps, personal communication). 
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In view of these considerations we may try to base an explanation 
on what we know about the inertia exhibited by suspended silt in 
reacting to changes of currents, discussed on p. 448-453. It hasbeen shown 
that the amount of silt in suspension at each phase of a period of in- 
creasing current velocity is constantly lower than the amount found 
for the corresponding velocity after the steady state has been attained ; 
during decreasing current velocity the reverse was found to be the case. 

If we follow up this line of thought, the behaviour of a certain mass 
of water during its displacement by the flood may be studied. As long 
as the mass of water is travelling in the large channels, its flow is much 
faster than it becomes farther inward, and it contains the amount of 
silt appropriate to the turbulence caused by this rate of flow. More or 
less gradually, however, the mean current velocity decreases. The silt 
content being too high in relation to this slower rate of flow, part of it 
will slowly settle to the bottom. Because silt reacts so slowly to velocity 
changes, however, it will be transported farther in flood direction than 
would have happened if sinking took no time. 

After the turn of the tide the mass of water will move in an opposite 
direction. However, the inert reaction of the silt to the decrease of 
current velocity during the transport inward has caused the silt to 
settle in places, where the current is actually too weak to carry it away. 
Therefore, if ebb and flood have about the same current velocity, a 
certain fraction of silt is left behind on the bottom. The latter therefore 
receives a second enrichment of silt above the one caused in the first 
instance by the decrease in water movement towards the Wadden Sea 
interior. The process repeats itself during every tidal period, until the 
bottom has become so silty, and the concentration of silt in the water 
overhead has become so high, that the gradient of silt thus generated 
neutralizes the residual transport inward. 

The explanation of silt accumulation as developed above, if true, 
will hold for the whole of the Wadden Sea, since it is based on the 
progressive decrease of water movement towards the coast. In different 
localities, however, other forces may also play a réle or be of even more 
importance. Near the mouths of the rivers Ems, Weser and Elbe, the 
supply of fresh water may exert a much greater influence than in the 
Dutch Wadden Sea and the explanation given on p. 472 may be valid. 
As said before, Gry (1943) has shown that in the northern part of the 
Danish Wadden Sea high concentrations of suspended silt are caused 
by erosion of coastal marshes. The same may be the case in other areas. 

It may further be remarked that according to the above theory the 
silt gradient depends not only on the decrease in current velocity or, 
to put it more generally, on the decrease in water movement inward, 
but also on the concentration of suspended silt in the North Sea. 
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It may finally be observed that accumulation of silt in either the 
first or the second way discussed above may also occur in other estuaries 
than those of the Wadden Sea region. Especially the accumulation of 
suspended matter caused by estuarine water circulation (p. 429) may 
be of more widespread importance. The Nieuwe Waterweg near Rot- 
terdam may serve as a fine example, compare CANTER CREMERS (1921 Ne 
Many coastal harbours where fresh water is discharged may provide 
other instances. 


IV. THE CYCLE OF ORGANIG MATTER 


From a biological point of view organic matter constitutes the most 
important part of the suspended material. Sessile plants being practi- 
cally absent, the production of particulate organic material by phyto- 
plankton organisms forms the basis of animal life and determines its 
density. The main purpose of this chapter will be to gain an insight 
into this organic production. 

Particulate organic matter, from a non-biological point of view, 
behaves as part of the suspended matter. This point will be treated 
in detail. Moreover, a study will be made of the seasonal variations 
of organic matter caused by varying rates ofdecomposition and product- 
ion in the course of the year. Further, the exchange of organic matter 
between Wadden Sea and North Sea will be discussed. It will be shown 
that there is a residual transport of organic matter from the North 
Sea into the Wadden Sea. An attempt will be made to evaluate the 
quantitative importance of this transport and, further, to determine 
total phytoplankton production and mineralization of organic matter 
in the Marsdiep area. In this connection a study was made of the cycle 
of phosphorus and of chlorophyll, the former being a factor regulating 
production, the latter being a measure for the amount of phytoplankton. 

Observations on organic matter, phosphorus components and chlo- 
rophyll were mostly carried out along the same section where also 
salinity data were collected (fig. 13). To supplement these observ- 
ations a number of measurements were carried out in other parts of the 
Marsdiep area, especially in the harbour of Den Helder, which pro- 
vided a convenient opportunity for daily observations. The complete 
data are on file at the Zoological Station. 


I. QUANTITY AND COMPOSITION OF PARTICULATE 
ORGANIC MATTER 


If suspended matter is examined under the microscope, sand grains, 
pieces of shells and living plankton are easily discerned. Besides these, 
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a relatively large amount of dead organic matter is found to be present. 
It will be referred to hereafter as detritus, which consists of dead or- 
ganisms and all kinds of organic debris. The quantitative relation be- 
tween dead and living organic matter is difficult to determine, but in 
the Wadden Sea the dead material certainly forms the major part, 
possibly up to more than 90°% of the total (p. 503). For the North Sea 
Van Goor (1923, p. 173) estimated that the aggregate of organic 
detritus is 50-100 times as large as the amount of plankton organisms ; 
this value, however, may be rather inaccurate. In the Bay of Kiel more 
than 95 % of the particulate organic matter consists of detritus (GILL- 
BRIGHT, 1951), whereas in the English Channel this percentage 
amounts to only 15-30% (ARMSTRONG and HARVEY, 1950, p. 151). 

VERWEY (1952) assumes that the high percentage of dead organic 
matter present in estuarine areas is caused by the mixing of different 
water masses. He supposes that part of the plankton organisms are 
killed by sudden changes of temperature and salinity (see also BRockK- 
MANN, 1908, 1929 and Ktui and Mann, 1953). In addition, however, 
the percentage of detritus may be influenced by water movement. In 
deep or quiet water plankton debris may disappear from the water 
column because it sinks down to the bottom, whereas in shallow areas 
settling of detritus may to a large degree be prevented by the influence 
of wind and currents. 

In the particular case of the Wadden Sea it is further possible that 
here much suspended matter, containing living as well as dead organic 
material, is filtered from the water through the activity of molluscs, 
while only dead organic matter in the form of faecal pellets is returned 
(VERWEY, 1952). In this way the quantity of detritus may be augment- 
ed at the expense of living organic matter, although faecal pellets are 
perhaps not brought into suspension easily. We shall return to these 
points on p. 496-498. 

The chemical analyses of suspended matter have been discussed 
already on p. 414. Attention may be drawn here especially to the last 
column of table 4, giving the relation of C, N and P for the organic 
material. There are considerable differences in chemical composition 
from one sample to another, but the average of all determinations, 40: 
7.4:1, does not differ significantly from the relation 41: 7.2:1 for living 
plankton (Cooper, 1934; FLEMING, 1940; KercHum and REDFIELD, 
1949; for a summary see SVERDRUP, JOHNSON and FLEMING, 1946, p. 
236; for North Sea samples compare also BRANDT and RABEN, 1920). 
Since it has been assumed that a large part of the organic matter con- 
sists of detritus, the relation apparently also holds for the latter, al- 
though, according to SEIWELL and SEIWELL (1938), phosphorus may 
be mineralized more easily than the other elements. 
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Fig. 40. Relation between total suspended matter and carbon dioxide content (A), 
resp. loss on ignition (B) for samples taken simultaneously along the section of fig. 13. 
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The amounts of organic matter present have been determined, first, 
by loss through ignition and, secondly, by ascertaining the quantity of 
particulate phosphorus. According to table 4, the phosphorus percent- 
age amounts to about 1% if the ratio of carbon to organic matter is 
put at 1: 2.3. Other analyses, to be discussed below, give the somewhat 
lower value of 0.7 %. 


2. THE RELATION BETWEEN SUSPENDED ORGANIG MATTER 
AND THE TOTAL AMOUNT OF SUSPENDED MATERIAL 


It may be expected that particulate organic matter follows more or 
less closely the quantitative variations of total suspended matter. ‘This 


TABLE 164A 


Organic matter, estimated from loss on ignition minus CO,, at the Wadden Sea 
stations of table 8; compare also fig. 22. 


31-5-49 I 27.8 Dany 8.9 much sand 
1-6-49 2 13.8 i} 9.4 
2-6-49 3 32.2 2.6 7.8 much sand 
3-6-49 4 22.6 2.0 8.9 much sand 
9-6-49 5 30.8 4.1 1328 

10-6-49 6 27.5 4.4 15.6 

11-6-49 mn 13.1 OG 20.7 

13-6-49 8 34.6 4.3 12.4 

14-6-49 9 M7) 3.9 14.4 only surface 
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TABLE 16B 


Organic matter, estimated from loss on ignition minus CO,, at the North Sea 
stations of table 13; compare also fig. 1. 


23-6-49 I Surface 7.5 The 

Bottom 16.4 1.4 

Total 12.0 1.3 10.8 
23-6-49 2 Surface 7.9 1.9 

Bottom 18.0 3.5 

Total 13.0 2.7 20.8 
23-6-49 3 Surface 7.9 1.6 

Bottom 8.2 1.5 

Total Br TO) 19.8 
23-6-49 4 Surface 5.3 0.8 

Bottom 75 0.8 

Total - 6.4 0.8 12.5 
23-6-49 5 Surface 5.9 0.9 

Bottom 3.6 0.9 

Total 4.8 0.9 18.8 
23-6-49 6 Surface Gas 1.2 

Bottom 6.6 0.8 


Total 6.1 1.0 16.4 
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supposition is confirmed by observations along the section of fig. 13. 
The increase in total suspended matter causes an increase of its organic 
component, the relation between the two being best represented in 
most cases by a curved line, indicating that on the whole organic mat- 
ter is more easily kept in suspension than the inorganic material (figs. 
40 and 41). 

Since it may be assumed that there is a direct correlation between 
the quantity of organic matter and the quantity of silt (suspended 
matter minus the sand fraction) the geographical distribution of organ- 
ic matter will roughly correspond with the distribution of silt. If that 
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Fig. 42. The progressive increase of suspended organic matter from the North Sea 
to the Wadden Sea, June 1949; based on table 16. 


is actually the case, the concentration of suspended organic matter of 
the Wadden Sea will be from two to three times higher than that of 
the North Sea. This is confirmed by measurements of organic matter 
at stations in both areas during a complete tidal period (table 16, 
fig. 42). 

The conclusion seems justified that the concentration of suspended 
organic matter in the Wadden Sea is maintained at its high level in 
the same way as described for suspended silt in chapter III. However, 
in contrast to silt, organic matter is constantly in process of decom- 
position and synthetization. Therefore, a larger production of organic 
matter in the Wadden Sea itself than in the North Sea may perhaps 
also account for this gradient. We shall revert to this point on p. 504. 

A comparison of the graphs of figs. 40 and 41 makes it seem quite 
probable that the amount of organic matter present changes in the 
course of the year. The concentration of suspended organic matter is 
relatively high in summer and low in winter. A more complete insight 
into seasonal changes is obtained by considering all the different types 
of observations available. Most of these observations were carried out 
along the section of fig. 13; a number of others refer to measurements 
carried out at other points of the Marsdiep area, especially in the har- 
bour of Den Helder. 

For every set of simultaneous observations the average quantities 
of both organic and suspended matter were determined. As the average 
quantity of suspended matter of the Marsdiep area is 23 mg/l (p. 462 ), 
all observations have been reduced to this mean value by means of 
graphs like those of figs. 40 and 41. In this way the influence of quan- 
titative variations of suspended matter has been eliminated, and the 
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figures for organic matter thus will roughly represent the average 
amounts present. The results of the calculations are given in fig. 43; 
one curve showing the seasonal changes of particulate P, the other the 
quantitative variations of organic matter as derived from the difference 
between ignition loss and carbon dioxide content. The latter is assumed 
to be constant all the year round and therefore represented by a ho- 
rizontal line, indicating the mean of the CO,-analyses, which is 1.8 
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Fig. 43. Seasonal variation of organic matter (ignition loss minus carbon dioxide, A) 

and suspended phosphorus (B). The large points refer to observations along the 

section of fig. 13; the small points mainly refer to observations in the harbour of 
Den Helder; the CO,-determinations are indicated by a cross. 


mg/l or 8% of the total of suspended matter. In summer organic 
matter is found to amount to about 4 mg/l or 17°% of all suspended 
material, in winter it decreases to about 1 mg/l or 4°%. Suspended 
phosphorus shows roughly the same variations. ‘The phosphorus per- 
centage of organic matter appears to amount to about 0.7%, which 
is somewhat lower than the figure derived from the analyses of table 4. 
Although every single point of fig. 43 is based on a set of observations, the resulting 
curves derived are believed to indicate only the general trend of quantitative 
changes of organic matter and no special value must be attached to the position 
of summer maxima and winter minima. 

Doubt may arise, moreover, if it is permissible to assume that the average quantity 


of suspended matter amounts to the same value of 23 mg/] the whole year round, 
because the winter averages proved to be greater than those of the summer months 
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Fig. 459. Seasonal variation of phosphate in the Wadden Sea; average of the obser- 
vations along the section of fig. 13. 


(p. 459). However, this difference is caused by a more frequent occurrence of days 
with much wind during the winter months. If these days are excluded, the winter 
values for suspended matter are probably not very different from the summer 
values. Since observations were nearly always carried out under quiet weather 
conditions, also in winter, the summer figures are probably directly comparable 
with the winter figures. 

So far the following conclusions can be drawn. Generally speaking, the 
quantity of suspended organic matter in the Wadden Sea is roughly 
proportional to that of suspended silt. Therefore, the distribution of 
organic matter is probably about the same as that of silt as shown in 
fig. 33 and the concentration within the Wadden Sea is high as com- 
pared with that in the North Sea. Further, suspended organic matter 
is subject to seasonal variations, the quantities being higher in summer 
than in winter. 
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Fig. 45. Seasonal variation of phosphate in the harbour of Den Helder; observations 
from the water pumped daily at high tide from about 1 m below the surface into 
the aquarium of the Zoological Station. 
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Since phosphorus is essential to the production of organic matter, more 
information on the cycle of organic matter may be obtained by studying 
the variations in the components of this element. It is present in an 
organic as well as an inorganic form and, besides, in a dissolved and a 
particulate condition. Probably, inorganic particulate P is quantita- 
tively of minor importance, compare p. 418; thus three forms of P remain 


g-a Yh. On 

a 

OS 

a | 

| Os 

12-12-49 

10 
eS) 
(e's) 


O2 
O4 : 
| surface 
---- bottom 
@3 
O2 1327251 
NORTH SEA DEN OEVER 


a Peis Ge ee Da iserpons 06.709 = en 15907 


Fig. 46. Examples of the phosphate observations along the section of fig. 13. 
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Fig. 47. Observations in the [Jsselmeer near the sluices of Den Oever. 
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to be discussed: phosphate, dissolved organic phosphorus and particu- 
late organic phosphorus. These three components will first be discussed 
separately; after that their mutual relation will be examined. 


A. Phosphate 


The seasonal cycle of phosphate was studied by ScHEELE and VERWEY 
(unpublished) from 1936 to 1940 in the harbour of Den Helder. This 
study was continued in 1948 and extended, moreover, over the whole 
of the Marsdiep area. As mentioned before, regular observations were 
carried out in the section of fig. 13. 

Phosphate is subject to seasonal changes and shows a marked 
geographical distribution. The seasonal cycle of phosphate is represent- 
ed in figs. 44 and 45. The annual variation corresponds with the 
results of similar observations carried out in other places, for example 
the English Channel, compare for example ArmsTRONG and Harvey, 
1950. In winter decomposition of organic matter prevails over assimila- 
tion and organic phosphorus is mineralized to phosphate; in spring and 
summer Wadden Sea phosphate is consumed by phytoplankton. The 
maximum occurs in January, the minimum in May. Evidently, phos- 
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Fig. 48. Observations in the [Jsselmeer near the sluices of Den Oever; phosphorus 
compounds. 
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phorus is a limiting factor for phytoplankton growth, since in spring 
phosphate is completely or nearly used up. ; 

The data of stations 1-17 of fig. 13 may be used to form an idea of 
the quantitative distribution of phosphate. Some series of observations 
are given in fig. 46. The differences in phosphate-concentration from 


1949 1Ss©@ 


Fig. 49. Temperature, chlorinity and phosphate concentration of the North Sea 

(full-drawn line) compared with the Wadden Sea (dotted line). The North Sea 

values refer to observations about 15 km outside the Marsdiep; the Wadden Sea 
figures are averages of observations along the section of fig. 13; compare table 17. 


station to station are small, although salinity differences are often con- 
siderable. Apparently, the phosphate-concentration of the [Jsselmeer, 
contrary to what might be expected, is about as high as that of the 
Wadden Sea itself. This conclusion is borne out by measurements in 
the [Jsselmeer, which show that the concentration is even somewhat 
lower there (fig. 47). — Further, phosphate in the North Sea will be 
expected to be about as high as in the Wadden Sea. Observations, 
however, carried out some fifteen kilometers outside the tidal inlet, 
show that PO,-values are somewhat lower here too (fig. 49, table 17). 


In view of the difference in phosphate content between the North Sea and the 
Wadden Sea and the exchange of water between the two areas, phosphate concen- 
trations would be expected to increase slowly inward into the Wadden Sea. How- 
ever, an examination of fig. 46 and all other data available shows that this is the 
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case in only a few sets of observations. In about as many cases the reverse is true 
and often there is no significant difference. Consequently, the fall from the standard 
of concentration of the Wadden Sea to that of the North Sea must take place in the 
relatively short stretch ofabout 15 km outside the tidal inlet. The following two reasons 
may probably account for this abrupt gradient. First, near the sluice of Den Oever 
the phosphate concentration is reduced in periods of a large supply of fresh water, 
because the IJsselmeer has a lower phosphate concentration than the Wadden 
Sea (fig. 47). Secondly, the fresh water discharged in relatively small amounts 
into the harbour of Den Helder contains very large amounts of phosphate, on an 
average about 20 ywg-at/] (table 18). Therefore, the admixture of even small 
amounts of this kind of water already causes an appreciable rise of phosphate. In 
this way a phosphate gradient inside the tidal inlet is probably levelled out and the 
fall to the North Sea value must take place just outside the tidal inlet. 

The fresh water discharged into the harbour of Den Helder originates from the 
Noordhollandsch Kanaal. ‘The high phosphate content of the canal is partly caused 
by sewage from the town of Den Helder, partly supplied by a large area south of 
this town. That large quantities of phosphate may here be involved will appear 
from the following computation. The phosphate concentration being 20 wg-at/l 
and the water discharge per tide 0.8 x 108m, the quantity of phosphate supplied 
to the Wadden Sea amounts to 16.0 x 10° wg-at, or 480 kg per tide. For the [Jssel- 
meer these figures are 0.3-0.4 mwg-at/l, 16.9 x 10° m® per tide and 6.8 x 10° wg-at 
phosphate or 204 kg of P per tide respectively. The canal therefore supplies more 


TABLE 17 
Phosphate and dissolved organic phosphorus in the North Sea; compare also fig. 47. 


Date Temp.,° C. Cly*Ho0 PO,; Diss, org. P, Total diss. P, Station 
pig-at/L pug-at/L pg-at/l 
I- 2-50 2.90 18.24 0.60 0.30 0.90 Outer buoy Molengat 


I- 2-50 3.15 18.85 0.47 0.21 0.68  Lightvessel Texel 
QI- 2-50 5.03 17.12 0.60 0.23 0.89 Outer buoy Schulpengat 
2Q9- 3-50 7.56 17.43 0.17 0.46 0.63 Outer buoy Schulpengat 
I2- 4-50 7.88 Toray 0.05 0.63 0.68 Outer buoy Schulpengat 
25- 4-50 8.51 18.44 trace 0.59 0.59 Outer buoy Schulpengat 
25- 5-50 ~=-:12.84 17.83 0.12 0.62 0.77. Outer buoy Schulpengat 
7- 6-50  =-117.21 18.13 0.05 0.41 0.46 Outer buoy Schulpengat 
27- 6-50 =e 18.10 0.05 — —  Lightvessel Texel 
27- 6-50 — 17.04 —~ 0.58 0.58 Outer bouy Molengat 
24- 8-50 «18.11 18.18 0.22 0.56 0.78 Outer bouy Schulpengat 
II-10-50 =17.13 Be 0.41 0.24 0.66 Outer buoy Schulpengat 


20-12-50 4.4.7 14.64 0.72 — — Outer buoy Molengat, 
surface 

20-12-50 4.42 16.68 0.50 0.17 0.67 Outer buoy Molengat, 
bottom 

20-12-50 6.56 19.19 0.40 0.14 0.44 Lightvessel Texel, 
surface 

20-12-50 Ona 19.16 0.36 0.14 0.50 Lightvessel Texel, 
bottom 

3- I-51 4.18 17.94 0.59 a — Outer buoy Schulpengat 


6- 6-51 12.38 18.05 0.00 0.48 0.48 Lightvessel Texel 
24- 8-51 18.00 17.27 0.18 0.65 0.83 Outer buoy Molengat 
24- 8-51 18.01 17.82 0.21 0.54 0.75 Outer buoy Schulpengat 
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phosphate than the IJsselmeer. However, for total phosphorus the quantities are 
650 and ro50 kg respectively, because the canal water contains only relatively little 
organic P, the IJsselmeer on the contrary considerable amounts (fig. 48). 

Inside the harbour of Den Helder the large amounts of phosphate discharged 
with the fresh water cause an inverse relation of chlorinity and phosphate (fig. 50). 
Outside the harbour this relation soon becomes imperceptible. 
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Fig. 50. Relation between phosphate, resp. total phosphorus, and chlorinity in the 
harbour of Den Helder. 


Some sets of observations along traverses, running from Den Hel- 
der in a north-easterly direction, show that phosphate is evenly 
distributed through the whole Marsdiep area and adjoining areas 
(table 19). Higher values near Den Helder may again be explained 
from the influence of fresh water from the harbour. 


B. Dissolved organic phosphorus 


Measurements carried out along the section indicated in fig. 13 tend to 
show more pronounced differences in dissolved organic P from one 
station to another than in the case of phosphate (fig. 51). 

In part these variations certainly represent actual differences, but they 
may to some extent, at any rate, also be due to less accurate analyses, 
although all determinations were run in duplicate; compare table 5. 

Just as in the case of phosphate, the individual observations do not 
show a consecutive gradient of dissolved organic P in the direction of 
the North Sea or in the opposite direction. Nevertheless, as was shown 
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TABLE 18 
Phosphorus content of fresh water discharged in the harbour of Den Helder; surface 
samples. 
Date 1951 PO,, pg-al/l Diss. org. P, g-at/! Part. P, yg-at/l Total P, g-at/l 
14-2 18.6 5.1 0.4 24.3 
4-4 8.8 4.2 1.6 14.6 
21-6 24.3 6.1 0.7 31.1 
4-8 Q1.5 Toe 4.1 32.8 
13-10 20.3 g.I Te 30.8 
15-12 26.1 1.6 B33 30.9 
average 19.9 55 9 27.4 
TABLE 19 


Phosphate concentrations along a traverse from Den Helder to Terschelling and 
back through the North Sea; 21 and 22 September 1949. 


Time Temp.,° C. CGI, o0 PO,---, ug-at/L 
21 Sept 

14.45 18.35 17.50 0.88 Marsdiep 
15.00 18.44 18.28 0.65 

15.10 18.32 18.28 0.69 

15.30 18.09 18.33 0.56 Texelstroom-Omdraai-Oude Vlie 
15.45 18.07 18.33 0.52 

16.00 ETS 18.33 0.42 

16.15 17.64 18.41 0.46 

16.30 17.83 18.41 0.41 

16.45 18.08 18.43 0.43 

17.00 18.19 18.48 0.50 Watershed Marsdiep-Vlie area 
17.06 17.85 18.43 0.43 Inschot-Vliestroom-Schuitengat 
17.20 17.90 18.51 0.41 

FEDER FAP 18.49 0.41 

17.50 17.84 18.50 0.39 

18.05 17.84. 18.44 0.45 

18.20 17.86 18.42 0.38 

18.35 17.82 18.43 0.36 

18.50 17.79 18.43 0.57 

22 Sept 

6.30 17.40 18.43 0.50 

6.50 NFL Oe: 18.44 0.39 

7.05 17.64. 18.46 0.41 

7.20 17.88 18.51 0.33 North Sea 
7.35 18.09 18.51 0.31 

7.50 18.25 18.54 0.19 

8.05 18.29 18.51 0.35 

8.37 18.46 18.53 === 

9.07 18.52 18.65 0.26 

10.05 18.42 18.63 0.31 

10.35 18.40 18.34 0.32 
11.20 18.37 18.12 0.44 Marsdiep 
11.35 18.29 18.12 0.44 


11.50 17.98 18.07 LE oan 
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Pig. 51. Observations of dissolved organic phosphorus along the section of fig. 12. 


by measurements carried out some 15 kilometres outside the tidal inlet, 
the concentration of dissolved organic P is lower in the North Sea 
than in the Wadden Sea (table 23, p. 505). Just as in the case of phos- 
phate, the concentration of dissolved organic P in the IJsselmeer (see 
fig. 48) is not very different from that in the Wadden Sea, while the 
concentration in the fresh water discharged at Den Helder is higher 
(table 18). Thus the absence of a gradient of dissolved organic P may 
be explained in about the same way as in the case of phosphate. 
The seasonal variation of dissolved organic P is roughly the reverse 
of that of phosphate, but runs parallel with that of particulate P (fig. 
52). Apparently, the rise in organic suspended matter in spring on ac- 
count of increased phytoplankton production is accompanied by a rise 
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in soluble decomposition products containing phosphorus. The maxi- 
mum of approximately 0.8 wg-at/l is about as high as the winter value 
hg-at{ DISSOLVED ORGANIC P for phosphate. In winter the 
O8 ~ concentration decreases to 
about 0.3 wg-at/1. Thus com- 
Ge ih yee plete mineralization of all 

/ : : dissolved: organic P is never 
attained. Because the sea- 
sonal variation in phosphate 


; ety ne _ content runs counter to that 
Fig. 52. Seasonal variation o disso ved organic of dissolved organic phos- 
phosphorus; averages of observations along the 

section of fig. 13. phorus, the seasonal changes 


in total dissolved phosphorus 
(phosphate plus dissolved organic P) are small (fig. 53). An inconspicu- 
ous minimum may occur in spring (1950: May-June, 1951: March). 
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Fig. 53. Combination of figs. 43 B, 44 and 52, to show the seasonal variation of total 
phosphorus and total dissolved phosphorus; for explanation see text. 
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C. Suspended organic phosphorus 


As has been said before, suspended phosphorus may contain a small 
quantity of inorganically combined P, but it is believed to consist 
mainly of organic phosphorus. Since this component has been discussed 
already on p. 418, a single remark may suffice here. 

Maximum concentrations of particulate P occur in spring and sum- 
mer when conditions for phytoplankton growth are most favourable 
(0.8 yg-at/l, fig. 53); the concentration is at a minimum in winter 
(0.2 ug-at/l). Even in summer, however, only a small part of all the 
phosphorus present is actually contained in living matter: the particu- 
late P itself will partly be present in detritus, while about one half of the 
total P will be present as dissolved organic phosphorus. 


Aly Aisha, 19 CCS VN (EAs, Ce PHOSPHORUS BETWEEN WADDEN SEA 
AND NORTH SEA 


It has been shown in chapter III that the concentration of suspended 
matter is higher inside the Wadden Sea than outside. This gradient has 
been explained as resulting from the balance of two opposing influences. 
One influence, the exchange of water between Wadden Sea and 
North Sea, tends to level the gradient. The other, probably connected 
with the progressive decrease of current velocities from the tidal inlet 
to the coast, tends to accumulate suspended matter against the gradient. 
This accumulating mechanism only affects suspended material. 

Not only suspended matter, however, but also its organic compo- 
nent (including particulate P) and also the dissolved P (phosphate and 
dissolved organic P) were found to be present in higher concentrations 
inside the Wadden Sea than outside. Though it must be admitted that 
the gradient of dissolved P, as compared with that of particulate P, 
is only small (no more than about 0.2—0.3 wg-at/l from the inner part 
of the Wadden Sea to the outer), even this small gradient must cause 
a net transport of dissolved P from the Wadden Sea to the North Sea. 

Although the above value of 0.3 wg-at/l is only a very rough estimate, 
it will here be used in an attempt to calculate the loss of dissolved P 
to the North Sea. This will be done by means of the rate of the exchange 
of fresh water, which is 8%, as we found in chapter II. The result of 
a computation based on these data will give us some idea of the quan- 
tity involved in spite of the fact that the geographical distribution of 
dissolved P is different from the distribution of fresh water. As a matter 
of fact, the actual distribution of dissolved P even seems to point to a 
greater transport to the North Sea than the above 8%, because com- 
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paratively high concentrations of this substance are even found quite 
near the tidal inlet. 

Since the high tide volume of the Marsdiep area is 3.1 x 109 m3, 
the total excess of dissolved P must be about 0.93 x ro? pg-at/| or 
30,000 kg dissolved P. On the strength of the above percentage of 
8%, we find that about 2400 kg of dissolved P would be transported 
to the North Sea in every tidal period. 

The question may be asked how this loss is compensated. First of 
all it seems natural to suppose that dissolved P is brought into the 
area together with the fresh water. Water rich in phosphorus from the 
harbour of Den Helder, however, contributes only about 500 kg per 
tide (p. 487). The supply from the IJsselmeer cannot increase the amount 
of dissolved P in the Marsdiep area, as the concentration in the IJssel- 
meer is too low. The supply of dissolved P by the fresh water is there- 
fore insufficient to cover the loss. 

It might further be supposed that the loss is neutralized at the expense 
of the store of phosphorus in the bottom. There is indeed an extensive 
exchange of P between the bottom and the water overhead, but it seems 
improbable that this exchange should, on the whole, show a balance in 
favour of the water rather than the reverse. It is more reasonable to 
suppose that on an average the total amount of P in the bottom re- 
mains the same. 

The improbability of a sufficiently large and continuous supply of 
P by the bottom to compensate for a continuous loss of about 1g00 
ke P per tide can be shown as follows. Determinations on a rather 
silty tidal flat near Den Helder enable us to make a rough calculation 
of the quantities of P present in the bottom. The total P content of 10 
samples, from a traverse 250 meters in length, was found to vary be- 
tween 10.8 and 4.9 wg-at/per gram of material—dried and free of salt — 
with an average of 7.3 wg-at/g (table 20). Values of the same magnitude 
(about 10 wg-at/g) have been found by HANrTzscHEL (1939); compare 
also Moore (1930, 1931). A bottom layer 1 cm in thickness may there- 
fore contain about 73 mg-at or about 2 g P m®. The P-content of bot- 
tom animals, which is about 0.2 g P m?, can be left out of accountt?. 
The Mardiep area, covering 0.69 x 10° m? (table 1), may thus con- 
tain about 1.4 < 10° kg Pina layer of 1 cm. Therefore, if the bottom 
should have to supply 1900 kg P per tide or about 1.4 x 108 kg per 
year, every year a layer of about 1 cm would be deprived completely of 
phosphorus. Such a process could not possibly continue over many years. 


1 VERWEY (1952) estimated the density of molluscs in this part of the Wadden Sea 
at some 10 individuals per m?®; a full-grown animal contains about 1 g of organic 
matter with a phosphorus content of about 1%. Hence these 10 animals contain 
about 0.1 g P. Other bottom animals may contribute the same amount. 
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TABLE 20 


Phosphorus content of mud samples collected along a traverse over a tidal flat. 
Zuidwal, 11 September 1951. 


Nr. Total Pe Location Nr. : Total P, Location 
pig-at/g dry material pg-at/g dry material 

I 10.8 Edge of bank 7 837 175m 

2 5.9 40 m from edge 8 7.6 190 m 

3 4.9 70m 9 6.6 205m 

4 5.8 100 m 10 7.8 220 m from edge 
5 7.0 130m 

6 8.2 160 m average Wes 


Since no sufficient quantities of P are supplied to the water of the 
Wadden Sea from the land-side or from the bottom of the Wadden Sea 
itself, it only remains possible to assume that the amount of dissolved 
P transported to the North Sea returns in some way or other from the 
same area. 

In this connection the supposition developed in chapter III, that a 
balance of suspended matter is maintained between the North Sea 
and the Wadden Sea, might provide an explanation. As soon as the 
amount of particulate organic matter in the Wadden Sea decreases 
as a result of insufficient production, organic matter will be supplied 
from the North Sea, until a state of equilibrium is again attained. This 
means that the loss of dissolved P to the North Sea is neutralized by the 
transport of particulate organic P from the North Sea into the Wad- 
den Sea. 

The above assumption may also provide an explanation for the 
seasonal variation observed in total phosphorus (dissolved P + par- 
ticulate P). Unless phosphorus is lost to other areas, the total phos- 
phorus content of a certain mass of water will remain constant, 
whatever combinations may occur within the water mass itself. It 
appears from fig. 53 that in the Wadden Sea total P does not maintain 
a constant concentration all the year round, but is subject to seasonal 
changes. A minimum occurs in January and a maximum round about 
July. Apparently phosphorus is removed from the Wadden Sea water 
in autumn and supplied again in spring. We may ask how this is 
possible. 

It might be suggested, that the seasonal variation in total phosphorus 
is caused by an exchange between the bottom and the water overhead, 
which would mean that phosphorus is released from the bottom in 
spring and taken up again in autumn. However, this is contrary to 
what might normally be expected. In spring and summer food is 
abundant and the bottom population increases and is more active, 
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thus causing the fixation of organic matter, including phosphorus, at 
the expense of the water overhead. The reverse may take place in 
autumn and winter. 

On the other hand the exchange of phosphorus between Wadden 
Sea and North Sea might also account for the seasonal changes. In 
the author’s opinion it is indeed this phenomenon which is the real 
cause of the changes in total P content in the course of the year. On 
the strength of the argument set forth in preceding sections we may 
assume that part of the suspended organic matter in the Wadden Sea is 
provided by the North Sea; a decrease of suspended organic matter in 
the North Sea would therefore also cause a decrease in the Wadden 
Sea. Since the quantity of suspended organic matter, hence also of 
particulate P, in the North Sea is higher in summer than in winter, 
the Wadden Sea will follow these variations. In this connection it is of 
importance to note that the variation in total P content is in the first 
place caused by variations in suspended P. The concentration of dissolv- 
ed P in the Wadden Sea exhibits only minor changes (fig. 53). At- 
tention may yet be given to the quantitative relation between parti- 
culate P, dissolved organic P and phosphate (table 23). In the Wadden 
Sea these substances are found in the ratio of 1:0.9:0.8 (average of all 
data available), which figures are more in favour of particulate P than 
those for the North Sea near the coast, where the ratio is 1:1.6:1.2 
(average of data of table 17). To find an explanation for this difference 
we may pursue a line of argument analogous to the one followed be- 
fore. In the Wadden Sea particulate P is constantly maintained in a 
relatively high concentration, which is always about 2—3 times as high 
as in the North Sea. Dissolved P, on the contrary, is exchanged freely 
and therefore never attains values considerably higher in one area than 
in the other. 

The question finally arises, why also the concentration of dissolved 
P is higher, though only to a small extent, inside the Wadden Sea than 
outside. 

In this connection it must be realized that the presence of large 
quantities of suspended matter within this area may in itself be a 
sufficient reason for the occurrence of a high concentration of decom- 
position products. If two separate water masses, one containing more 
particulate organic matter than the other, are compared under the 
same conditions and in a state of equilibrium, it may be expected that 
also the quantity of dissolved P in the first volume will be higher than 
in the second. 

Weshould not unduly simplify matters by assuming that, if the Wadden 
Sea were to be separated from the North Sea, the former would (after 
some time) contain particulate P and dissolved P in the same ratio 
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as the North Sea. Still, if for a moment we allow this assumption, it 
may serve to illustrate the following point. The concentration figures 
of particulate P and dissolved P in the North Sea are 0.25 wg-at/l and 
0.69 wg-at/l respectively (table 23). The Wadden Sea figure for par- 
ticulate P is 0.5 wg-at/l; on the above assumption dissolved P ought 
to have a concentration of 1.38 wg-at/l. The difference between this 
theoretical figure and the concentration of 1.0 wg-at/] actually observ- 
ed may be regarded as being due to the exchange of water between 
the two areas, which tends to reduce the value for dissolved P in the 
Wadden Sea to the North Sea concentration of 0.69 wg-at/I. 

No importance must be attached to the above value of 1.38 yg-at/I. 
Nevertheless this hypothetical figure shows that an explanation of the 
higher concentration of dissolved P in the Wadden Sea simply as a 
result of the higher concentration of particulate organic matter is 
possible. 

The amount of dissolved P may further be increased at the expense 
of particulate P through mineralization of the large amount of dead 
and living organic matter present on and in the bottom of the Wadden 
Sea. The quantity of organic matter that becomes decomposed will 
probably to a large extent be replaced by a supply of particulate P 
from the water overhead, although in some places bottom diatoms may 
also contribute to this amount (Gréntved, 1949). In this way the amount 
of dissolved P in the water may be increased at the expense of parti- 
culate P. 

The part of the exchange due to the activity of molluscs allows of 
quantitative determination. The cockle (Cardium edule L.) and mussel 
(Myitlus edulis L.), which form the greater part of the animal bottom 
population, feed on suspended organic matter by filtering particulate 
material from the water. VERWEY (1952;see also LINKE, 1940) estimates 
that the quantities of suspended matter withdrawn in this way from 
the water by their combined filtering activities must be put at no less 
than 330 x 10% kg (dry weight) per year or 0.45 < 10° kg per tide; 
11 % or 50.000 kg of this material per tide is considered by him as con- 
sisting of organic matter. However, his calculations refer to the whole 
area south of the watershed of Terschelling; if we consider only the 
Marsdiep area, this leaves 69/156 x 50,000 = 22,000 kg (compare 
table 1). This amountis partly used for the metabolism of the animals, 
partly converted into living tissue and for the rest rejected with the 
faeces. The metabolic products are directly returned to the water, the 
other products indirectly after having been stored in the bottom for a 
shorter or longer period. 

The amount of particulate P strained from the water in this way is 
about 1% of the organic matter, or 220 kg P, per tide. The greater 
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TABLE QI 


The excretion of phosphate by the Cockle (Cardiwm edule L.) and the Mussel (Mytilus 
edulis L.). 


Experiment I, 11-7-49. Experiment II, 26-6-50. Experiment III 
18 Cockles, 41 sea water 20 Cockles, 41 sea water 20 Cockles, 4 1 sea water 
f= 16.9 CCl == 17.0695 b= 17.1 C Cli 17.18%), t—17.0°C Cl = 17.18% /p0 


Time, PO, PO,-increase Time, POX PO,g-increase Time, PO;, PO,-increase 
min. peg-at/L ber cockle, min. pg-at|L her cockle, min. jeg-at|L per cockle, 
pg-at|L/h peg-at/ L/h pig-at/l/h 
fe) 0.78 == e) 0.87 — O 0.70 = 
6 0.96 0.49 30 1.36 0.20 30 1.05 0.14 
20 1.54 0.55 60 1.95 0.24 60 1.40 0.14 
35 1.93 0.35 go 1.95 0.00 go 1.50 0.04. 
50 2.35 0.37 120 1.95 0.00 120 1.55 0.02 
80 2.60 0.11 150 2.40 0.18 150 1.80 0.10 
145 2.80 0.04 180 2.90 0.20 180 2.25 0.18 
Average 0.32 Average 0.14 Average 0.10 


Experiment IV, 26-6-50 Experiment V, 27-6-50 Experiment VI, 27-6-50 
20 Cockles, 41 sea water 20 Cockles, 41 sea water 20 Cockles, 4 1 sea water 
ES WO) Cll = ep yy b= WUC) Ch = HOY oy th = WAG CO Cl —] DWH hoy 


Time, POw PO,-increase Time, - POs; ; PO,-increase, Time, PO, PO pincrease, 
min. peg-at/1 per cockle, min. pg-at/l pg-at|llh min. pg-at/l pg-at/ L/h 
pg-atil/h : 

oO 0.63 = (e) oath = fe) 0.58 a 
30 1.05 0.17 30 1.53 0.17 30 0.99 0.16 
60 1.30 0.10 60 1.46 0.00 60 1.20 0.08 
go Tego 0.01 go 1.82 0.14 go 1.38 0.07 

120 1.40 0.03 120 2.40 0.23 120 1.69 0.12 
150 1.70 0.12 150 2.40 0.00 150 1.82 0.05 
180 1.90 0.08 180 2.80 0.16 180 1.60 = 
Average 0.09 Average 0.12 Average 0.09 


Experiment VI, 27-6-50 Experiment VII, 21-7-49 
20 Cockles, 41 sea water 18 Mussels, 4 | sea water 
t= 7773 © Cl—17.10°/,4, t — 10.5, GC Cl 1851 9ieg 


Time, “POs, BPO incense Time, 3 PO, 1 POs-increase 

min. pg-at/1 per cockle, min. pg-at/ 1 per mussel, 
ng-at/l/h peg-at| l/h 
o 0.78 == 0) 0.55 = 

30 1.16 0.15 15 0.80 0.10 
60 1.35 0.08 45 1.02 0.09 
go Hod 7 0.05 105 1.45 0.09 

120 1.88 0.16 

150 1.98 0.04 

180 1.80 = 


Average 0.09 Average 0.09 


4.98 H. POSTMA 


part of it will only return to the water after mineralization to dissolved 
P. In a state of equilibrium this amount will also be 220 kg P/tide. 


Some laboratory experiments have shown that the cockle and mussel excrete con- 
siderable quantities of phosphate (table 21). About 20 cockles, collected on a tidal 
flat the morning or the day before the experiment, with an average size of about 
3.5 cm, a wet weight without shells of 2g and a dry weight of 400 mg, were for 
about three hours kept in a small aquarium containing 41 of sea water of 17°C. 
The water, poor in phosphate, but containing a normal quantity of suspended 
organic matter, was kept circulating through the aquarium until the animals had 
opened their shells and could be expected to have started pumping; the supply 
of water was then cut off. 

Apart from the exceptionally high phosphate production in experiment I, it was 
found that one cockle produced between 0.14 and 0.08 yg-at/l/hour, with an 
average of 0.103 mwg-at/i/hour, or 0.037 mg/l PO,-P/tide. This is equivalent to 
the decomposition of about 3.7 mg (dry weight) or organic matter per tide if the 
phosphorus content of the organic matter is assumed to be 1 %. In this connection 
the experiments of MANN (1952), which indicate that cockles consume 180 mg of 
oxygen per kg (net weight) per hour are of interest. This figure is supported by 
observations on other molluscs (VAN Dam, 1935, 1938, HAzZELHOFF, 1938; WHEDON 
and Sommer, 1938; and KuENEN, 1942). It is equivalent to the decomposition of 
4.1 mg (dry weight) of organic matter per tide per cockle of 2 g. 

From the figures given by VERWEyY (1952, p. 218-221) the number of cockles 
in the Marsdiep area can be computed at not less than 2.7 x 10° individuals. As- 
suming a consumption of 4 mg per cockle per tide, these animals appear to digest 
11000 kg of organic matter/tide. It can also be calculated from VERWEy’s figures, 
that these cockles retain on an average 18400 kg of suspended organic matter/tide 
if the organic percentage of suspended matter is supposed to be 11 %. Since VERWEY’S 
calculations are minimum estimations, this quantity may actually be twice as high 
and then amount to about 36000 kg/tide. 

It follows from the above calculation that only part of the suspended organic 
matter passing through cockles and probably also mussels is mineralized within 
a short period. The residue is retained for a longer time in faeces, pseudofaeces and 
animal flesh and will be decomposed only gradually. However, the total amount 
of this material present cannot be estimated, the resistance of the faeces against 
decomposition under Wadden Sea conditions being unknown. 


The figures given by VERWEyY, which we used above, are minimum 
estimations, so that the actual amount of dissolved P returning from 
the bottom to the water may be larger than 220 kg/tide. Other animals 
will also make a contribution, so that in all perhaps 500 to 1000 
kg P/tide is supplied to the water through the activity of bottom ani- 
mals. The latter value is equivalent to 50,000-100,000 kg of organic 
matter, or 0.03 mg/l. 

The value of 1000 kg dissolved P/tide constitutes about half of the 
quantity of 1900 kg dissolved P/tide, supposed to escape to the North 
Sea. The activity of bottom animals may therefore form an important 
contribution to the maintenance of the gradient of dissolved P from 
the Wadden Sea to the North Sea. 


Besides through animal activity, dissolved P will be formed in the 
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bottom by bacterial decomposition of organic bottom material, origi- 
nating from suspended matter which has settled to the bottom without 
being filtered by molluscs. The amount of this material is very difficult 
to estimate. Apart from this, it will be difficult to determine the rate of 
mineralization of this material. 

Apart from high concentrations of organic matter, differences be- 
tween Wadden Sea and North Sea of chemical and physical factors as 
salinity, temperature, and light penetration, might cause less favourable 
conditions for the growth of phytoplankton in the former area than in 
the latter, or a more rapid decomposition, and hence a higher con- 
centration of dissolved P. Very little can be said about these possibili- 
ties, but it seems improbable that they will play an important réle. 

To sum up the points brought out in the foregoing discussion, we see 
that certain aspects of the phosphorus cycle find a natural explanation, 
if they are considered from a point of view that recognizes the close 
relation between suspended silt and particulate organic matter and takes 
into account the behaviour of suspended silt as described in chapter III. 

The relations between North Sea and Wadden Sea appear to be 
rather complicated. There is probably a slow residual transport of 
organic matter from the former to the latter area during periods of 
rising concentrations of organic matter, while the reverse occurs when 
the concentrations of organic matter are falling. Of much greater 
quantitative importance, however, is the constant movement of or- 
ganic matter from the North Sea to the Wadden Sea, which balances 
the transport of dissolved P in the opposite direction. The latter trans- 
port is caused by the fact that the concentration of dissolved phosphorus 
is higher in the Wadden Sea than in the North Sea. 

The chief cause of the occurrence of this gradient of dissolved 
phosphorus is probably the activity of bottom animals, combined with 
the decomposition of large amounts of organic matter, accumulated 
both in the water and in the bottom of the Wadden Sea through the 
constant movement of suspended matter towards the interior. Chemi- 
cal and physical differences between the Wadden Sea and the North 
Sea probably play only a minor role in this process. 

Most important from a biological point of view is the conclusion 
that the production of organic matter within the Wadden Sea must 
be smaller than the rate of decomposition. The balance is restored by 
organic matter supplied by the North Sea. 


5. THE PRODUCTION OF ORGANIC MATTER 


From the previous discussion some insight has been gained into the 
quantitative difference between production and decomposition in the 
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Wadden Sea and its causes. However, this did not lead to a conclusion 
as regards the total quantities of organic matter produced or minera- 
lized. An attempt will be made below to determine the approximate 
extent of organic production. 

Because sessile plants are practically absent all organic matter origi- 
nates from phytoplankton. To get an insight, therefore, into the pro- 
ductive capacity of the Wadden Sea, the quantity of phytoplankton 
present should, if possible, be determined. Kreps and VERJBINSKAJA 
(1933) and Harvey (1934) introduced chlorophyll as a means of 
measuring this amount. The determination of chlorophyll has been 
discussed on p. 419. 


In order to determine the amount of phytoplankton by means of chlorophyll it is 
of course necessary to know the chlorophyll percentage of phytoplankton. 

Some confusion has been caused by the use of HARVEY’s pigment units (HARVEY, 
1934). One unit is equal to the green colour of 1 ml of a solution of 430 mg NiSO,. 
6 H,O and 25 mg K,Cr,O, in 1000 ml of distilled water. DEuBER (according to 
Ritey, 1938) and Gururie (according to Harvey, 1950) both compared this 
solution with pure chlorophyll. DeuBER computed that one pigment unit amounts 
to 0.88 x 10?mg of chlorophyll; GuTurie found 3 x 10?mg. 

Ritey (1941), who probably used DevusBeErR’s value, found on Georges Bank that 
17.44 mg of chlorophyll (for the greater part contained in diatoms) corresponds 
with 600 mg of dry organic matter, including the ash; this works out a chlorophyll 
content of 2.91 %. However, the ash content of diatoms may amount to more than 
40% (BRANDT and RABEN, 1920); for ash-free organic matter the chlorophyll 
percentage may therefore rise to about 5%. 

Pace (1941) found for cultures of Nitzschia closterium 2.32%, also uncorrected 
for ash. He estimated the ash content at roughly 10%, which means that for ash- 
free organic matter his percentage becomes only 2.59%. 

Harvey (1950) determined the chlorophyll percentage in the sea off Plymouth 
indirectly by means of the relation between organic matter and phosphorus and 
between phosphorus and chlorophyll. One pigment unit was found to be equal to 
0.0135-0.0175 mg of ash-free dry organic matter. If GuTHRIE’s value were used, 
the chlorophyll percentage would amount to about 20°, which is certainly too 
large. If DeuBeEr’s value is used the chlorophyll percentage of ash-free organic 
matter decreases to 4.9—-6.5%. The value found by Deuser is therefore certainly 
nearer the truth than the one given by GuTHRIE. 

From determinations by GrLLBRIcHT (1951) in the Bay of Kiel it may further 
be concluded that the organic matter of diatoms contains 11.9°% chlorophyll and 
that of peridinians 4.0%. 

All things considered, a value of 6 °% seems the best figure to use here 
as an approximation of the chlorophyll percentage of ash-free, dry 
phytoplankton. 

Chlorophyll analyses in the Wadden Sea were started in April 1951; 
the observations are still continued. Complete data will be published 
in a separate paper, but table 22 and figs 54 and 55 may already give 
an idea of the average quantities and seasonal variations. 

As can be seen from table 22, containing percentages found at the 
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stations 1,9 and 17 between Den Helder and Den Oever (table 13), 
the chlorophyll concentration varies considerably from station to sta- 
tion witha decrease in the direction of the Wadden Sea interior. Never- 
theless, the scarce data collected outside the tidal inlet indicate 
that the concentration of chlorophyll is considerably higher in the 
Wadden Sea than in the North Sea (fig. 55). 

As appears from table 22 and fig. 54 the chlorophyll content of the 
Marsdiep area varies between about 30 mg/m? in summer and 3 mg/m?® 
in winter, with an average of about 13 mg/m. Assuming that all 
chlorophyll is contained in living phytoplankton and constitutes 6% 
of its organic part, about 0.5 mg/l of ash-free phytoplankton would be 
present in summer and 0.05 mg/I in winter, with an annual average of 
0.2 mg/l. 


TABLE 22 


Chlorophyll concentrations in the Wadden Sea between Den Helder and Den 
Oever; stations 1, 9 and 17 of fig. 13. 


Date Depth* Station 1 Station 2 Station 3 
Chlorophyll hoo Cl Chlorophyll fog Cl Chlorophyll 59 Gi 
mg |m? mg/m? mg/m* 

13- 7-51 S 5 16.55 Il 16.65 26 15-32 
29- 8-51 S (32) 12.48 15 15.84 14 15.65 
5-11-51 S 15 16.03 14. 14.38 (42) 1.79 
12- 6-52 S Il 16.77 16 16.19 24 16.09 
24- 7-52 S 20 ype ateAd 17 16.54 6 16.51 
B 15 16.88 23 16.38 5 15.67 

8- 9-52 S 22 17.68 10 16.91 12 15.41 
B 18 17.76 18 16.98 = —— 

24-10-52 S IO ape) 12 16.24 4 13.80 
B 6 17.87 1 16.62 7 14.39 

12-12-52 S 4 14.31 5 14.78 a 11.93 
IQ- 2-53 S = — 2 13.92 10 == 
B 12 13.15 == = Q 15.27 

24- 3-53 Ss 10 15.47 3 13.86 I 13.02 
25- 3-53 S II 16.27 12 14.22 2 14.08 
B = == 12 15.37 I 14.06 

I- 5-53 Ss 19 17.43 = = 8 14.16 
B = = 24 17.44 12 15.65 
BENG 58 S 5 17.73 7 17.32 3 16.84 
B 9 17.65 QI Taal a 16.75 

3- 7-53 S 20 16.86 QI 15-97 7 14.86 
B 34 LD 49 15.91 II 14.66 
30- 7-53 S 15 16.13 23 15.75 II 14.28 
B 31 16.52 27 15.85 12 14.31 

Average? S 15 — 13 — i == 
B 18 — 23 — ai = 


1§ = surface sample, B = bottom sample. 2 Data with surface samples only have been omitted. 
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CHLOROPHYLL 
5,6_51951 


Fig. 55. Chlorophyll values. of surface samples in a traverse through the Wadden 
Sea and into the North Sea. 


However, part of the chlorophyll is probably not contained in 
living material, but incorporated in detritus. According to Krey 
(1951) and GILLBRICHT (1951) about 50% of the chlorophyll in the 
Bay of Kiel may be contained in detritus. RrLEy (1941) on the other 
hand puts this figure at 1% for Georges Bank. If the percentage of 
50% is applied to the Wadden Sea, the average quantity of phyto- 
plankton becomes only 0.1 mg/l; a value between 0.1 and 0.2 mg/l 
will be adopted for our further considerations. Since the average quan- 
tity of organic matter in the Wadden Sea is about 2.5 mg/l, only 
4-8 % of all suspended organic matter in this area would then consist 
of phytoplankton. As the entire volume of the Marsdiep area at high 
tide is 3.1 < 10° m%,atotal ofabout 0.3-0.6 x 10°kg of phytoplankton 
would then be present in this area. It goes without saying that this 
figure can be no more than a rough approximation. 

Having approximately estimated the average amount of phyto- 
plankton present, we may return to the question how much organic 


504 H. POSTMA 


matter may be produced in the Marsdiep area per unit time. Strictly 
speaking, a distinction should be made between “‘Gross production” 
and ‘‘Phytoplankton production”, in which case the quantitative 
difference between the two would be constituted by the consumption 
of organic matter by the phytoplankton itself (RiLEy, 1940). It is 
phytoplankton production that will be discussed here. To determine 
this production the rate of growth of the phytoplankton population 
must be known. LoHMANN (1908) observed in the Bay of Kiel an 
average daily growth of 30%; also Harvey (1950), from his own 
observations and those of others, assumes a daily production of 30%. 

This percentage will be applied to the Wadden Sea. It works out at a 
daily increase of phytoplankton of 0.03-0.06 mg/l (ash-free, dry 
weight), or 100,000-200,000 kg for the whole of the Marsdiep area. 
If we translate this into terms of phosphorus, on the assumption that 
organic matter contains 1% P, the consumption of phosphate—P for 
the daily production would amount to 0.0003—0.0006 mg/I/day, or 
0.01-0.02 pg-at/lI/day or 0.005-0.01 yg-at/l/tide, or 500-1000 kg 
P/tide, for the whole area. 

Productivity estimates for other areas, comparable with the Wadden 
Sea, are scarce. Long Island Sound is probably a good example. RILEY 
(1941), from experiments with light and dark bottles, computes that 
the phytoplankton production there is 95-875 g of carbon/m?/year. 
The mean depth of the Sound being 20 m, this would be equal to 
0.014-0.12 mg/l/day. To find the corresponding figures for organic 
matter from these carbon values, the latter must be multiplied by 2.3; 
this would give a production of 0.035—-0.30 mg/I/day, 3-15 times 
higher than the figure given above. However, conditions for phyto- 
plankton growth are somewhat more favourable in the Sound than in 
the Wadden Sea. Pratr (1950), who carried out productivity ex- 
periments in concrete tanks, studied the relation between phosphate 
consumption and chlorophyll concentration; it can be derived from 
fig. 5 of his paper that phosphate is consumed at a rate of 0.07 wg-at/1/ 
day if the chlorophyll content is 10 mg/l. This means a production 
3-7 times higher than the figure given above. Here, especially light 
conditions were more favourable in his tanks than in the Wadden Sea. 

Although the figures found should of course be regarded with con- 
siderable reserve, we seem to be justified in concluding that the North 
Sea makes a significant contribution to the productivity of the Wadden 
Sea. For if our figures are approximately right the supply of organic 
matter from the North Sea (assumed to be about 2000 kg P/tide; see 
p- 493-494) would be of the same magnitude as the production of organic 
matter within the Wadden Sea itself (computed at 500-1000 kg P/tide). 
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SUMMARY 


In this paper an attempt has been made to describe for the Dutch 
Wadden Sea water movement, transport of suspended matter and the 
cycle of suspended organic matter. Stress has been laid on the fact 
that these are related subjects, which therefore ought to be studied in 
combination. The discussion was based on observations made in the 
years 1949-1951 in the southwestern part of the area. A summary of 
the figures found from these observations is given in table 23. 


TABLE 23 


Comparison of average data for the North Sea, about 15 km outside the tidal inlet, 
with data for the Wadden Sea (Marsdiep area). 


North Sea Wadden Sea 
@hilonrinityens/an weet Ue oe MER, et on ee 18 16 ( 9-17) 
Salinitys¢o (Ave ots awecduche see kee Mes ewe 32 29 (16-31) 
Sw oomGSel Giles we, § G5 5 5 6 oS 6a 6 6 18 
Srumjorsinelael Keievely weave 5 S94 > 4S 6 9 Boe a 8 = 5 
Hoa lesuspendedsnuaadtters 1/1 seen nn neenr nn: — 23 
Ovssanane waaveytien, quiaminevey, wil, 4 5 6 6 o 5 a 6 1.5 4 
@rganicmatters winter, mg/l.) ee) ne — I 
Organicemattersay ckapey 10 97/\len ema nmr cimt-tae mone == 2.5 
Phosphates summer, S-at/ lta) ect) 6 O-O5-traces 0. 10-traces 
PoveReee, Wain, eel 5 5 6 5 5 5 5 6 5 6 0.60 0.75 
NCR Ole, UVERYRS, MMM 5 2 Go 6 5 6 o a 5 0.31 0.49 
Dissolved organic P, summer, pg-at/l. . . .. . 0.60 0.80 
Dissolved organic P, winter, wg-at/l. . . ... . 0.20 0.30 
Dissolved organic P, average, wg-at/l. . . . 3 0.38 0.53 
otaludissolvedsRy averagesue-at/) 0 ee erect sane. 0.69 1.02 
Paves IP, ances EeANNls 6 @ 5 ¢ 8 0 © ¢ 0.25 0.60 
Thoviall 1) anemia, eal o 6 6 «o 6 so G5 6 0.94 1.62 
Chiorophyll) summer, mg/me A 2. SS  : = 30 
Cinilerxcyovoneall, swyavauneres imeviyiooh | 3 5 5 6 5 g 5 Go | — 3 
Chlorophyll, average, mg/m? . ........ — 13 


For a good understanding of the results two facts appear to be of 
primary importance. First, there is a considerable exchange of water 
between Wadden Sea and North Sea, which is constantly at work to 
change Wadden Sea conditions, so that they approach those of the 
North Sea. Secondly, the concentration of light suspended material 
(silt) and of suspended organic matter is, notwithstanding this ex- 
change, constantly higher in the Wadden Sea than in the North Sea. 


1. Water movement (Chapter IT). 


In the southwestern Wadden Sea the vertical salinity gradient is only 
slight and the transport of fresh water is therefore mainly the result of 


506 H. POSTMA 


tidal mixing, while transport as a result of differences in density plays 
only a minor part. The mixing processes are greatly stimulated by dif- 
ferences in water movement between channels and tidal flats. 

The rate of the exchange of water between Wadden Sea and North 
Sea resulting from these mixing processes was determined from the 
distribution of fresh water, which in its turn could be found from 
salinity figures. The average quantity of fresh water present in the area 
studied is 13 times the average amount discharged from the [Jsselmeer 
during one tide. Therefore in every tidal period 8% of the total quan- 
tity of fresh water present within the Wadden Sea is transported to the 
North Sea. This percentage can be applied to every dissolved sub- 
stance that has the same distribution as the fresh water. 

A simple empirical method was developed to calculate the water 
exchange in a well-mixed estuary by means of a segmentation method. 
The figures calculated by means of this method for the amounts of 
fresh water present in the area studied were found to exhibit a signifi- 
cant correlation with those calculated from the salinity distribution. 


2. Suspended matter (Chapter ITI) 


Observations throughout a full tidal period at fixed stations and in 
distinct water masses marked by floats provided the basis for the study 
of suspended matter. The material was divided into two fractions, 
called “‘sand” and “‘silt’’, separated at a grain size of about 50 w. 

The amount of material in suspension varies with current velocity. 
There is a time lag varying from a few minutes to one hour between 
the turn of the tide and the moment at which the minimum concentra- 
tion of suspended matter is measured. 

Large amounts of suspended matter are transported forth and back 
by the tidal streams; the total quantity of silt transported in every 
tidal phase through the Marsdiep amounts to 8 x 10% kg of dry weight. 
There is no conclusive evidence of a residual transport of silt in one 
direction or the other. 

Although no substantial quantities of silt are supplied to the area 
by the IJsselmeer or by internal abrasion, the concentration of sus- 
pended silt is maintained at a higher level in the Wadden Sea than in 
the North Sea. The increase of the quantity of suspended silt inward 
is gradual and runs parallel with an increase in the silt content of the 
bottom. 

The higher concentration of suspended silt in the Wadden Sea as 
compared with the North Sea is supposed to be caused by an accumu- 
lation mechanism resulting from a progressive decrease in water move- 
ment (especially a decrease in mean current velocity) from the outer 
to the inner part. The concentration actually observed is thought to 
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be the result of the balance maintained between this accumulation 
and the loss of silt through water exchange. The mechanism does not 
prevent the loss of dissolved substances. 


3. Organic matter. 


The cycle of organic matter was studied by determining the quantities 
of organic matter present, and computing the phosphorus content of 
water and organic material. The phosphorus is partly present as par- 
ticulate P, partly as dissolved P. The particulate P is for the greater 
part contained in organic matter, while the dissolved P consists partly 
of organic P, partly of phosphate. 

The quantities of organic matter, as well as those of the phosphorus 
components, are subject to annual variations. The largest quantities 
of organic matter and organic P (particulate as well as dissolved) are 
found in summer, whereas phosphate attains its maximum in winter. 

The concentration of suspended organic matter (as well as suspended 
P) parallels the concentration of suspended silt and is therefore higher 
in the Wadden Sea than in the North Sea. It is supposed that the 
reason for this high concentration is the same as for the high concen- 
tration of suspended silt. 

The concentration of dissolved P is also, though only slightly, higher 
in the Wadden Sea than in the North Sea. Since dissolved substances 
are exchanged freely, this causes a residual transport of dissolved P 
to the latter area. In every tidal period a net amount of 2400 ke of 
dissolved P is supposed to be transported to the North Sea. Fresh water 
from the harbour of Den Helder contributes to this quantity to the 
extent of about 500 mg/tide; the [Jsselmeer, however, does not con- 
tribute to this amount, since the phosphorus concentration of the fresh 
water from this source is too low. The loss of the remaining 1900 kg of 
dissolved phosphorus is probably neutralized by the transport of the 
same amount of particulate organic phosphorus, incorporated in or- 
ganic matter, from the North Sea to the Wadden Sea. 

It follows from the foregoing paragraphs that part of the organic 
matter present in the Wadden Sea is formed in the North Sea. Another 
part will be synthesized by phytoplankton assimilation in the area 
itself. A rough estimate of this phytoplankton production has been 
made by means of chlorophyll determinations, which show that prob- 
ably only 4-8°% of the suspended organic matter consists of living 
phytoplankton. The highest phytoplankton concentrations occur in 
summer, the lowest in winter. The production of organic matter has 
been estimated from these data by assuming a daily growth of phyto- 
plankton of 30% of its own weight. The production then appears to 
amount to 50,000-100,000 kg of organic matter per tide or 110 g/m?/ 
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year. This quantity is equal to 500-1000 kg P/tide. The supply of 
organic matter by the North Sea, which would amount to some 2000 
kg P/tide, would therefore be of the same magnitude as the production 
of organic matter within the southwestern Wadden Sea itself. 
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JANVIER 1951-DECEMBRE 1952 


Séance du 13 janvier 1951 a2 Amsterdam 

D. Hitte Ris Lampers (Bennekom). Biologie et écologie des Pu- 
cerons (Aphididae). 

Un résumé de cette conférence n’a pas été remis au secrétaire. 


Séance du ry février 1951 a Leyde 

1. C. L. DeELpER (Heemstede). A contribution to the knowledge of 
the stunted growth of Perch (Perca fluviatilis L.) in Holland. 

Voir: Hydrobiologia, 3, pt. 4, 357-378, 1951. 

a. A. F. J. PorrierjE (Bennebroek). Symbolic expression of the 
sexual instinct (urge to coition) in a male One-wattled Cassowary 
(Casuarius untappendiculatus Blyth.) and experiments with removed eggs 
and nests of the Herring-gull (Larus a. argentatus Pontopp.). Illustrated 
with documentary films. 

An initial abstract was given on the structure of an instinct and of 
the relations in a whether or not complete instinctive behaviour. Then 
a short survey was given on instinctive symbolic expressions in animals, 
moulded into form and expression by the unconscious biological psyche 
(at least at the outset) being in force as an organisatrix, constantly 
bringing about an actual psychical or “‘total’”? ordening of physiolog- 
ically given order, and restoring in this way the labile natural equilib- 
rium, the broken harmony between internal factors mutually and with 
respects to external ones. 

Instincts are thinkable as fundamental psycho-physical potencies, in- 
tegrative primordial factors or indispensable momenta (yet not 
atomistic ‘“‘elements’’!) of the biological psyche, the whole of ‘‘many- 
in-one”’ organised functions of a psycho-somatic individual, acting and 
reacting as a totality” (PoRTIELJE, 1948). 

In the periodically coming to the service of instincts (the once 
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ripened bodily abilities as “‘historized”’ neural patterns being in a life- 
long readiness for actual use ) ‘‘symbolic expression of instinctive forces 
drags them out into the open, differentiates them and delineates them”’ 
(WHITEHEAD), moreover it is used in an unconsciously regulated way 
to vent a more or less ‘““dammed up”’ drive. This in case the individual 
is not (yet) able to realise its instinctive potenties in a completely 
fulfilled cognitive-affective-conative striving, either because the drive 
is still in an insufficiently developed state; or in case a drive, which 
is already fully developed subjectively and moreover intensely welling 
up in the individual, is ‘‘blocked” objectively, as the ‘“‘adequate”’ or 
rather accessory constellation in the environment (marked by a specific 
configuration of sense-stimuli, perceived and appreciated by the ani- 
mal in question and seeming to have a certain ‘“‘meaning”’ or “‘value”’ 
for the striving individual) is wanting or not at all apt for co-operation. 
Contrary to both forms of symbolic expression mentioned above, 
another more or less explosive form may be observed, which, showing 
similarity as well as polarity with the former ones, must be distinguished, 
not separated, however, from them. In both the former ones a rather 
poorly rising appetite effects the gradually welling up of a drive which — 
being checked subjectively as well as objectively because of either 
unripe or still unsufficiently developed innate abilities, together with 
a not attainable, respectively unresponsive, goal —is slightly dammed 
up and vented in a whether or not objectless symbolization. 

In the latter, on the contrary, a strong appetite effects an intense, 
somewhat explosive drive, executed by means of fully ripe and well- 
developed abilities, which — being blocked by objective circumstances — 
is highly dammed up and vented in a more or less impetuously ex- 
pressed symbolization of function and object, respectively situation, in 
the transferring upon which an abrupt lowering of the “‘threshold- 
value” in the cognitive-affective-conative striving is evolved (PORTIELJE, 
1948). 

The Cassowary produced an instinctive symbolization of function 
and object by means of transferring, in which the natural “‘seeking” 
and ‘‘choosing” (as the essential central phenomenon in purposive 
behaviour) subjectively aroused, was objectivated and directed upon a 
shovel as a representative ‘‘symbol” for the natural object, the hen. 

The experiments with removed eggs and nests of the Herring-gull 
made clear, that the breeding partners got into a psychical or total 
conflict, in which an ambivalent behaviour was produced, directed 
either to the removed nest or to the original situation, in which it was 
build. The actions-and-reactions came to an end in a nesting and 
breeding between the removed nest, from which the eggs and nesting 
material were taken, and the original nesting-situation. 
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References: Portier, A. F. J., Dieren zien en leren kennen. Een 
bijdrage tot de kennis van het driftleven en tot de ontwikkeling van 
het Instinctbegrip. Amsterdam, 1948. 

Portierje, A. F. J., Premarital behaviour in the Condor (Sarcoram- 
phus gryphus L.). Bydr. Dierk., 28, 359-371, 1949. 


Séance du 17 mars,195p avAmsterdam 

1. L. D. Broncersma (Leyde). On the arteria pulmonalis in the 
Boidae and in some other snakes. 

In the majority of the Boidae two well developed lungs are present; 
this is also the case in Xenopeltis unicolor Reinw. In the Anilidae, the 
genus Cylindrophis has a very small, but still well developed left lung, 
while the left lung is rudimentary in Anzlius scytale (L.). In these snakes 
the pulmonary artery originates from the ventricle as a single stem, 
which divides into the ramus dexter and the ramus sinister. While in 
all other amniotes the ramifications of the ramus dexter are confined 
to the right lung, this is not the case in snakes with two well developed 
lungs. In these the ramus dexter sends ramifications to the left lung. 
In many species the systems of the ramus dexter and ramus sinister are 
connected by anastomoses. Thus, in Python reticulatus (Schn.) a direct 
anastomosis is present between the ramus dexter and the ramus sinister ; 
moreover, the smaller ramifications of these rami are also connected 
and an arterial network is formed around both lungs. In the Boid 
Calabaria reinhardtu (Schl.) the ramus sinister has disappeared: a branch 
of the ramus dexter is the sole vessel that supplies the left lung with 
blood. In the Boidae Tropidophis and Trachyboa the left lung has dis- 
appeared, but a tracheal lung has developed; the ramus dexter divides 
into two branches, one anterior to the tracheal lung, and one posterior 
to the right lung. 

2. N. Postma (Utrecht). Les effects de la deuxiéme et de la troisiéme 
ligature de Srannius chez le coeur de Grenouille sont-ils soumis 4 une 
seule condition ? 

La deuxiéme ligature de Srannius appliquée au sillon auriculo- 
ventriculaire cause la reprise des battements périodiques du ventricule. 
Gotz l’attribuait a l’excitation mécanique continue exercée par cette 
ligature sur le sillon ou sur le ganglion de Brpper, situé au méme 
niveau (1861). 

Nous avons trouvé récemment qu’a cété de l’excitation mécanique 
continue, ou méme au lieu de celle-ci, |’abaissement du seuil de l’exci- 
tation (ou de l’automatisme) pourrait étre la cause de l’effet mentionné. 
Des ligatures précédentes ayant enfermé du sang dans les oreillettes et 
le ventricule (premiére ligature) ou seulement dans celui-ci (deuxiéme 
ligature), la pression exercée sur ce sang par la ligature distend la 
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paroi cardiaque, ce qui augmente I’excitabilité. Les phénomeénes pro- 
voques au ventricule, respectivement a la base (24) du ventricule, par 
la deuxiéme et la troisiéme ligature, savoir: le fonctionnement de 
automatisme ventriculaire, respectivement l’accélération de la fré- 
quence a la base du ventricule, peuvent donc étre réduits a un seul 
dénominateur. : 

De méme Haywoop et Moon (1950) rendent la distension alter- 
nante des bouts du tube responsable du fait que l’inversion de la direc- 
tion des ondes de contraction dans le coeur tubulaire des Tuniciers, 
se manifeste plus souvent selon que l’activité cardiaque augmente. Au 
contraire Vinversion devient rare aussit6t que le coeur est isolé de 
Yanimal et dépourvu par 1a des systémes capillaires adjacents, causant 
en raison de leur résistance la distension du tube cardaique par accumu- 
lation du sang. Malheureusement ces auteurs n’ont pas exposé le coeur 
résectionné a des résistances artificielles pour démontrer expérimen- 
talement la validité de leur conception. 

(Les expériments seront publiés ailleurs plus en détail) 


séance du 19 mai 1951 a Utrecht 

1. H. A. L. TRAmpuscu (Amsterdam). Inhibition and stimulation of 
regeneration. 

A. The gradient of the regenerative capacity along the stem of 
Tubularia. 

Literature contains various data which justify the supposition that 
the regenerative capacity of Hydroids, after these have been severed 
at different levels, shows great diversity. As the animals observed were 
of somewhat labile forms, i.e., Hydra, similar experiments were made on 
Tubularia where the form is far more constant by reason of the substan- 
tial perisarc. Since comparison is, however, only possible with pieces of 
equal length, the fragments required for the experiment had to be cut 
to measure at both ends. In order to prevent the two surfaces exercising 
a disturbing influence on one another, the regeneration of one end of 
the stem pieces was prevented by constriction with a nylon thread or by 
coagulation through a specially constructed high-frequency micro- 
cautery, thus rendering the fragments unipolar. The results of both 
methods were closely identical and could ultimately be summarised 
under a single heading. 

Series of stem pieces, 8 mm in length, and cut off at 1 mm, 3 mm, or 
5 mm beneath their ‘‘neck”’ (the constriction of the animal immediately 
under the hydranth) were, after being made unipolar, given the op- 
portunity to regenerate at a temperature of 22° C. The progress of 
regeneration was observed every two hours, and the time required by 
each animal in reaching one of four previously determined stages, was 
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registered. After calculation of the averages, it proved that the stages 
1 and 2, i.e., ‘‘striated”’ and ‘‘pinched”’ were much more swiftly attained 
in pieces beginning at 1 mm beneath the neck, (tail-error less than 1 %) 
than was the case with those severed at 3 or 5 mm. The significance 
of these differences for the achievement of the later stages of regenera- 
tion is less pronounced. The proximity to the neck at which equal 
lengths of Tubularia are cut off, therefore, influences the speed of 
regeneration. 

B. The relation between regenerative capacity and metabolism. 

As it is possible to relate a gradient of regenerative power to me- 
tabolic processes, the influence was examined of chemical substances 
known to check or stimulate metabolism, on regeneration. For this 
purpose ranges of temperature were used corresponding to the lowest 
and highest point in the habitat of the animals, viz. 17° for the former 
and 23° for the latter. Here also pieces from various stem levels were 
employed and compared with controls cultivated in pure seawater. The 
experiments showed that some substances, as for instance, Lithium- 
chloride, retard regeneration at low, and stimulate it considerably in the 
same concentration, but at higher temperature. Methylenblue soluted 
in a percentage of 5.10-4% stimulates at 17° but delays regeneration 
in a concentration of 10?" % at a higher temperature. Pyrocyanide in a 
concentration of 3.107*% has a significant slowing-up influence, while 
the effect of weak solutions is dubious. 

Stress is laid on the importance of collecting data dealing with the 
activity-range covered by various substances governing regeneration 
through metabolism. If we had knowledge of these values it would 
presumably become possible to command the processus of regeneration. 
At the same time generation — in so many respects similar to regenera- 
tion — may become intelligible to us. 

2. D. SreGwee (Amsterdam). L’action du parathion et du D.D.T. 
sur le cholinestérase chez la Blatte (Periplaneta americana L.). 

Voir: Biochim. biophys. Acta, 8, 1952, 187-193. 

3. J. Horxer (La Haye). The forming of species of Foraminifera 
during the Upper Cretaceous. 

Study of many cores of drillings through the Upper Cretaceous of 
Holland and Germany enabled me to analyse the development of many 
species of Foraminifera during the Upper Cretaceous, which is charac- 
terised by the raise of so many groups of Foraminifera. Several different 
modes of altering of species into new ones were observed. In the genera 
around Gavelinella (Gavelinella, Gavelinopsis, Stensidina, etc.) many species 
begin their course through time with very fine pores in the test walls, 
which pores gradually increase in size up to a diameter of about 8 p. 
‘Then each species extends; when the diameter of the pores reaches 
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about 4 », suddenly the species may give rise to varieties which con- 
tinue to enlarge their pores but differ from the original species in some 
characteristics (I), or a totally new species or several new species with 
quite different characters may be formed which once again begin 
their course with very fine pores (II). A second form of altering into 
new species is, contrary to this sudden alteration, gradually, since then 
a special character alters gradually during a long period of time into 
the end-form of the species, which endform differs so greatly from the 
original form, that one would be inclined to give it a quite different 
specific name(IIf). This phenomenon was found in many species of 
the Lagenidae, viz. Neoflabellina and Frondicularia, and has been describ- 
ed also by BerrensraeprT in the genus Globorotalites; I found it also in 
Gyroidinoides. There exists a fourth modus of alteration also, which 
seems to be connected with alteration in the modus of reproduction; 
in those forms at the beginning of the evolution of a species the species 
is trimorphic (statistically stated), whereas in the course of time the 
species becomes dimorphic or even apogamic. In the latter case, when 
the generations are different in shape or characters, the characters of 
one. of the generations are the remaining ones in the end of the de- 
velopment, mostly those of the microspheric form (IV). Insome groups, 
viz. Bolivinoides, it was stated that in dimorphic species the younger 
species in its microspheric form shows the characteristics of the older 
species from which it obviously derived, whereas the new species in 
its megalospheric tests shows the characteristics of the new species. 

In the case I the new varieties, continuing the course of evolution 
of the original species, seem to be real varieties, not those found 
horizontally (in the same geological period) around the main form, but 
vertically; the enlargement of the pores is obviously a character which 
is a function of time (anciennity) of the species. 

In case II there seems to be question of real mutation into a new 
species, which once again begins as a young one and gradually be- 
comes older. 

In case III there is quite a difference with case I; for in I it was 
stated that the development of a new variety was discontinuously, 
whereas in III the alteration is gradually; so here special characteristics 
show the function of time, such as the gradual enlargement of the size 
of the pores. These alterations may be called gliding “‘varieties’”’, but 
there are no real borders between a species and the younger form into 
which it develops. It is a typical fact that all those alterations are not 
limited to a certain geographic place but that they are found all over 
the world in a special period. The same can be said about case IV; 
this form of alteration was found in many groups, but especially in 
planktonic or pelagic groups, such as Globigerina and Gtimbelina. So it 
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may be an adaptation to pelagic life, but is also a function of time. 
Moreover, it was stated that at the end of the development of a whole 
group of closely allied species, forms occur which show characteristics 
of the species which are found at the beginning of the development 
(Globotruncana, Giimbelina, Bolivina, Bolivinotdes, etc.). 

This fact, also known among other groups of animals (Ammonites), 
points out that the taxonomy of Foraminifera has to be studied along 
the same lines as in other metazoid animals. Moreover, it could be 
stated that when using finer methods of analysing Foraminifera, long- 
living species are very rare and that most species do not live longer 
than some ten millions of years. 


Séance du 10 novembre 1951 a Leyde 

1. F. Sopers (Utrecht). Quelques aspects d’un analyse génétique et 
morphologique du mutant ‘“‘Asymmetric”’ de Drosophila melanogaster. 

Voir: Trans. LX Int. Congr. Entomol., 1, 225-231, 1952. Genetica, 
26, 117-279, 1952. 

2. K. van AspEREN (Utrecht). Le métabolisme du méthylthiouracile 
chez le Coq. 

Voir: Tijdschr. Diergeneesk., 76, 133-155, 1951. Biochim. biophys. 
Acta, 8, 150-161, 1952. 

3. P. F. van Heerpr. La variabilité de la longueur du forceps chez 
le male de la forficule (Forficula auriculata L.). 

Voir: Ent. Ber., Amst., 14, no. 341, 383, 1953. 


Séance du 15 décembre 1951 4 Amsterdam 
1. L. Bers (Rotterdam). Fifteen years of Bat-banding in- the 
Netherlands. 
Voir: Publ. Natuurh. Genoot. Limburg, no. 5, 1952. 
2. J. W. Sturrer (Utrecht). Le cycle réproductif des Chiroptéres. 
Voir: Vakbl. Biol., 32, no. 6, 107-115, 1952. 


Séance du 2 fevrier 1952 A Amsterdam 

A. Punt (Utrecht). Le coeur artificiel. 

Un résumé de cette conférence, qui fut illustré avec un film dé- 
monstratif, n’a pas été remis au secrétaire. 


Séance du 15 mars 1952 a Utrecht 

1. J. Verwey (den Helder). La propagation des moules (Mytilus 
edulis L.) et des coques (Cardium edule L.) sur les sables du ‘‘Wadden- 
zee’. Un résumé de cette conférance n’a pas été remis au secrétaire. 
M. le docteur VERWey a donné un résumé des travaux concernants ces 
sujets, exécutés au station zoologique de la société néerlandaise de 
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zoologie a den Helder. Aussi il a présicé les recherches futures. Les 
résultats seront publiés dans: Arch. néerl. Zool., 11. 
2. J. VAN DER VecuT (Bogor). Observations sur Rodopholus oryzae 
(v. Breda de Haan) Thorne, nématode parasite du riz en Indonésie. 
Voir: Contr. gen. agric. Res. Sta. Bogor, 1952. 


Séance du 26 avril 1952 a Leyde 

1. J. DE Witpe (Amsterdam). Aspects of diapause in adult insects 
(with special regard to the Colorado Beetle, Leptinotarsa decemlineata Say.) . 

Voir Arch, néerl. Zool, 10, no4..1954. 

2. M. RoosrsBoom (Leyde). The influence of the invention of the 
microscope on biological Thinking. 

Whereas the telescope was, as soon as it was invented (c. 16090), 
applied systematically in scientific astronomy, the microscope remained 
for some decades a curiosity rather than a scientific instrument. 

Several reasons can be given for this slow development of scientific 
microscopy. First of all, the microscope was in the beginning a poor 
instrument. Secondly, the scientists, biassed by mediaeval ideas, were 
so utterly unprepared to find a microscopic living world, that no 
scientific problems were awaiting their solution by this instrument as 
was the case with the telescope. 

Small insects known from daily life (fleas, mites, eéc.) were the first 
objects to be observed. Admiring amazement at the minute and per- 
fect structures in these despicable creatures predominates in the 
descriptions of the first half of the 17th century. 

The discovery of a multitude of macroscopically invisible organisms 
dethrones the mites in meal and cheese as “‘living atoms” and leads 
into speculations on the infinite smallness of living structures in micro- 
scopic organisms: the “‘incomparable stenography of Providence’’. 

Matpicut, finding human microscopical anatomy too difficult to 
understand, shifts first to the silkworm and then to plant anatomy, 
hoping to find simpler parallels providing the key to the explanation 
of human functions. When these investigations fail to lead to the ex- 
pected results, he is only prevented from proceeding to the study of 
crystals by the weakness of his health. 

The doubt whether the lower creatures are built on the same plan as 
the higher organisms is one of the important results of microscopy. 


Séance du 24 mai 1952 4 Amsterdam 

P. Korrinca (Bergen op Zoom). Investigations on shell-disease in 
the Oyster, Ostrea edulis L. 

Voir: Rapp. Proc. Verb. Cons. Int. Expl. Mer, 128, no. 2, 50-54, 1951. 
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t. H. Posrma (den Helder). Observations concernantes Péchange 
d’eau entre le mer du Nord et le ‘“‘Waddenzee”’. 

2.1. Krisrensen (den Helder). Propagation et croissance du coque 
(Cardium edule L.). 

3. J. pE Brox (den Helder). L’établissement premier des larves de 
moule (Mytilus edulis L.). 

4. P. M. L. Tames (Wageningen). Le renouvellement de Peau 
respiratoire des moules et l’influence de la grandeur et de la concen- 
tration des particules suspendues sur la filtration des branchies. 

5. H. GeELen (Utrecht). La préférence des Nudibranches pour cer- 
tains Coelentérés. 

6. J. WESTENBERG (den Helder). La question de la péche excessive. 

Ces conférences, dont les résumés n’ont pas été remis au secrétaire, 
donnent une idée des travauxex écutés au Station zoologique aden Hel- 
der. Les recherches seront publiées dans le périodique Archives Néer- 
landaises de Zoologie. 

Pour la conférence de P. M. L. Tames voyez: Arch. néerl. Zool., 
10, 153-160, 1952. 

Pour la conférence de Mile H. GEELEN voyez: Arch. néerl. Zool., 10, 
161-170, 1952, et aussi Arch. néerl. Zool., 10, 241-264, 1952. 

Pour la conférence de J. WESTENBERG voyez: Arch. néerl. Zool., 10, 
290-314, 1952. 


Séance du 1 novembre 1952 a Utrecht 
J. vAN IersEL (Leyde). On the orientation of Bembex rostrata L. 
The subject has been partially discussed in the following publication: 
Trans. [X Int. Congr. Entomol., 1, 384-393, 1952. 


Séance du 20 décembre 1952 a Leyde 
1. A. G. Viassiom (Leyde). The function of the ‘“‘mast”’ on the nest of 
Ffydrous prceus L. 

The idea that the ‘“‘mast’’ of the nest of Hydrous serves in some way 
or the other as a means of providing the eggs and larvae with oxygen 
has been put to the test by WEsENBERG-LuND, who stated that the eggs 
developed only when at least the tip of this funnel projected above the 
surface of the water. 

Laass, however, experimenting with the nest of another species, 
Hydrophilus caraboides L., found that eggs in nests of which the funnel ~ 
was removed and which were covered with a coating of lacquer, devel- 
oped normally. Accordingly he rejects WESENBERG-LUND’s suggestion. 

The results of the experiments of WESENBERG-LUND could, however, 
be confirmed, whilst micro-analysis of the gasmixture in the nest 
showed that, in totally immersed nests the oxygen concentration sank 
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to values as low as 4%. In those cases where the tip of the funnel pro- 
jected into the air the oxygen percentage amounts to 14%. In nests 
floating on the surface, eggs develop normally even when the funnel 
has been rescinded or throttled by a thread noose. 

The foregoing facts substantiate WesENBERG-LUND’s supposition that 
the funnel serves as a safety device acting in those cases where the bulk 
of the nest becomes submerged. 

2. K. H. Voous (Amsterdam). The aims and the results of an 
ornithological survey of the Netherlands Antilles. 

On behalf of the ‘“‘Netherlands Foundation for the Scientific Re- 
search of Surinam and the Netherlands Antilles” speaker and his wife 
spent about 8 months in the Netherlands Antilles (1951-1952), col- 
lecting specimens, gathering field observations on habitat, behaviour, 
breeding season, migration, etc., and comparing the bird life on the 
various islands visited. Problems on bird migration have also been 
studied. Speaker demonstrated study-skins of some of the interesting or 
noteworthy species colleted and showed a number of colour-slides of 
the breeding colony of flamingoes ( Phoenicopterus r. rubes L.) on Bonaire 
and of the bird life (mainly terns and a species of gull) on the little 
known island of Klein-Curagao. 

3. H. L. pe Fiurrer (Wageningen). Insects as vectors of plantvirus- 
es. The strawberry aphid (Pentatrichopus fragaefolit Cckll.) as a vector of 
strawberry viruses. 

Harris, Kinc, Prentice, e¢ al., made a thorough study of the 
strawberry viruses in the British Isles; they concluded to the presence 
of at least 3 viruses, viz. virus 1 (mild crinkle), virus 2 (mild yellow edge) 
and virus 3 (severe crinkle). These viruses are considered to be distinct 
since they differ in vector relationships (minimum infection feeding 
period required for transmission = acquisition threshold; inoculation 
threshold, persistence in the vector), in the incubation period of the 
diseases they cause and in the symptoms produced on the indicator 
plant, the wild strawberry, Fragaria vesca. In the field the viruses often 
occur in combination, resulting in the production of much more severe 
symptoms. The aim of the authors work is to investigate which viruses 
are present in Holland and how they can be controlled. The technique 
used to isolate the different viruses is based on the vector relationships 
of the viruses (see PRENTICE). 

The natural mode of spread of the viruses is by the agency of the 
strawberry aphid, Pentatrichopus fragaefolit Cckll., which appeared to be 
the most important vector in this country. The aphid is very common 
in our strawberry fields where it feeds preferably on the young leaves, 
the petioles and the runners. It is a small pale green aphid provided 
with a lot of knobbed hairs. 
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Experimentally virus transmission also can be obtained by grafting 
and by dodder (Cuscuta div. spec.). In recent time mechanical trans- 
mission by means of rather complex chemical methods also leads to 
some results. Seedlings are always free from virus. 

The object of the ‘‘General Netherlands Inspection Service” for 
seeds of field crops and for seed potatoes (N.A.K.) is to further the 
production and use of reliable propagating material of field crops as 
well as the improvement of such material. 

The points it endeavours are, ¢.g., a. encouraging the improvement 
of varieties of field crops (among which strawberries) and their growing 
free from diseases; b. promoting the use of certified Dutch propagation 
material at home and abroad; c. encouraging research in relation to 
inspection methods. 

These points underly our investigations on the strawberry viruses 
and their vector in our country. Concerning these investigations the 
following remarks can be made. In the laboratory we breed virus free 
strawberry aphids and allow them to feed for a predetermined time 
(infection feeding period) on suspected plants (the infector), collected 
in the fields and taken into the laboratory. Then the aphids are trans- | 
ferred to a series of wild strawberry plants (Fragaria vesca, East Malling 
clone or seedlings of Fragaria vesca) which are used as indicator plants. 
After the appropriate period (first transfer feeding period), the aphids 
are transferred to a fresh set of indicators for the second feeding period 
and subsequently retransferred to other series of indicator plants. 

By means of the minimum infection feeding period required for 
transmission of the virus, the persistence of the virus in the vector, the 
period needed for development of the first symptoms on the indicator 
plants and the symptoms produced, we try to separate and to identify 
the viruses. The virus investigations have to run hand in hand with 
investigations on the biology, the epidemiology, and the behaviour of 
the vector, the strawberry aphid. The most important facts studied and 
mentioned are: 
the life cycle of the aphid in Holland; 
the time of occurrence of the winged specimens; 
the factors which influence the increase and the decrease of the popula- 
tion density in the course of the year; 
the wild host plants, and 
the control of the aphid. 

The results of these investigations were briefly mentioned; they will 
be published in extenso elsewhere. 

References: Ann. Appl. Biol., 33, 1946; 35, 1948; 38, 1951. J. Pomol., . 
19, 1942; 22, 1946. 


ERRATA 


Mr J. H. Srock of the Amsterdam Zoological Museum kindly drew my attention to 
some errors crept into the section ‘Pycnogonida’ of my paper in this volume ‘The 
shell of Ostrea edulis as a habitat’ (p. 32-152). After having checked the original 
material he informed me that the following corrections should be made to bring the 
nomenclature up to date, and to rectify some misidentifications: 
p- 44 line 11 from below: Wymphon grossipis F, should read N.rubrum Hodge 1862. 
Pycnogonum femoratum (Rathke), should read Phoxichilidium femoratum (Rathke 
1799). 
p. 121 Pallene brevirostris Johnston, should read Callipallene brevirostris brevirostris 
(Johnston 1837). 
Anoplodactylus petiolatus (Hodge), should read A.pygmaeus (Hodge 1864). 
Nymphon brevirostre Hodge, should read N.rubrum Hodge 1862. 
Tables: Anoplodactylus petiolatus, should read A.pygmaeus. 
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